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Resumo Materiais Multiferróicos são um tipo de materiais bastante exótico que apre-
sentam simultaneamente dois ou mais tipos de propriedades ferróicas. Multi-
ferróicos magnetoelétricos, em particular, são uma classe de materiais muito
proeminente, principalmente devido às suas espantosas aplicações tecnológ-
icas, tais como sensores magnéticos, dispositivos de conversão/colheita de
energia, e memórias the alta eficiência.
Todavia, materiais magnetoelétricos intrínsecos são verdadeiramente raros e
ainda não possuem propriedades adequadas ao uso do dia-a-dia. Uma das
razões para que isto aconteça prende-se com o facto dos requisitos para
existência de magnetismo e ferroeletricidade na matéria serem a priori con-
traditórios, uma vez que enquanto os primeiros necessitam de orbitais dn
semipreenchidas, os últimos tendem a favorecer orbitais d0. Porém, Multi-
ferróicos magnetoelétricos extrínsecos não sofrem desta limitação pois não
partilham a mesma fase sendo portanto uma abordagem promissora para a
construção de um bom Multiferróico magnetoelétrico.
Esta tese focar-se-á no estudo de sistemas contendo Fe e BaTiO3 como
meio de se alcançarem novos efeitos magnetoelétricos. Um auto-compósito
de BaTiO3:Fe é apresentado, que apesar da sua diminuta concentração de
Fe (apenas 113 ppm atómicas), ainda assim apresenta um comportamento
magnético ordenado. A magnetização do Fe apresenta duas variações br-
uscas no seu valor espontâneo, uma com ∆M/M ≈ 32% e outra com
∆M/M ≈ 14%. Estas transições magnéticas estão correlacionadas com
as transições de fase ferroelétricas do BaTiO3 (ortorrômbica↔tetragonal e
tetragonal↔cúbica).
Este auto-compósito magnetoelétrico foi a motivação par ao uso da Teoria
de Densidade Funcional (DFT) como meio para descobrir os mecanismos
microscópicos por trás deste acoplamento magnetoelétrico tão intenso. O
estudo de uma mono-camada de Fe colocada sobre várias células unitárias
de BaTiO3 levaram à descoberta de várias interfaces com mudanças abrup-
tas na sua magnetização espontânea, ora através do aumento ou diminuição
dos momentos magnéticos do Fe, ora através da mudança entre a natureza
antiferromagnética ou ferromagnética da camada de Fe.
Contudo, o destaque dos estudos de DFT reside na descoberta de um tipo
particular de interfaces onde ocorre uma transição de estado High-Spin–Low-
Spin que consegue colapsar completamente o momento magnético atómico
dos átomos de Fe, dependendo do campo cristalino local sentido por esses
mesmos átomos. Baseado neste efeito, um dispositivo Multiferróico magne-
toelétrico foi proposto.
Sabendo a importância do campo cristalino para as transições de estado
High-Spin–Low-Spin state, um estudo minucioso foi feito relativo ao gradi-
ente de campo elétrico (EFG) nos sítios possíveis do BaTiO3, usando um
estudo combinado entre Correlações Angulares Perturbadas (PAC) e DFT.
Neste estudo, concluiu-se que PAC não é uma técnica hiperfina adequada
para o estudo quantitativo do tensor EFG de interfaces de BaTiO3/Fe, dados
os efeitos não desprezáveis das sondas radioativas na matriz de BaTiO3.
Finalmente, foi feita a deposição de Heteroestruturas de BTO/Fe em sub-
stratos de LaAlO3, MgO, Al2O3 e SrTiO3 usando RF-Sputtering, assim como
deposição de camadas de Fe em substratos de BaTiO3 cortados nos planos
(100), (110) e (111) planes, usando Molecular Beam Epitaxy (MBE), numa
tentativa de recrear as interfaces com efeitos magnetoelétricos mais apela-
tivos, previstos pela modelação DFT.
Os filmes finos depositados por sputtering mostraram o crescimento de múlti-
plos óxidos de Fe, Ba-Ti-O e Fe-Ti-O dependendo fortemente do substrato
onde foram crescidos, assim como das condições de deposição e tratamen-
tos térmicos. Porém, nenhum efeito magnetoelétrico foi observado nestes
filmes.
Por outro lado, os filmes depositados nos substratos de BaTiO3 mostraram
grandes acoplamentos magnetoelétricos entre as fases ferroelétricas do BTO
e a magnetização das camadas de Fe (à semelhança do que aconteceu no
auto-compósito de BaTiO3:Fe). A ordem de grandeza destes acoplamentos
está fortemente correlacionada com a interface do BTO onde o Fe foi de-
positado, apresentando uma enorme variação na magnetização espontânea
e na coercividade para o caso da transição romboédrica↔ortorrômbica, até
∆M/M ≈ 148% e ∆HC/HC ≈ 183% respetivamente para o caso da ori-
entação (110).
Key-words BaTiO3, Fe, Heterostructures, Thin Films, Density Functional Theory,
Magnetic Materials, Magnetism, Ferromagnetism, Paramagnetism Antifer-
romagnetism, Ferrimagnetism, Magnetic Oxides, Ferroelectricity, Electric
Polarization, Ferroic Properties, Multiferroic Materials, Magnetoelectric
Coupling, Spin State, Phase Transitions, Structural Transitions, Ferro-
electric Transitions, Spin State Transitions, Multiferroic Device, Low Spin
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Abstract Multiferroic materials are a very exotic type of materials which present
simultaneously two or more ferroic properties. Magnetoelectric multifer-
roics, in particular, are a very prominent class of materials, mainly due to
their outstanding foreseen applications such as magnetic sensors, energy
harvester/conversion devices, and high efficiency memories.
However, intrinsic magnetoelectric materials are quite rare and do not
have, yet, the adequate properties to the everyday applications. One of
the reasons for this to occur is due to the requirements for magnetism
and ferroelectricity in matter being a priori contradictory, since the former
needs unfilled dn orbitals, while the latter favours d0 orbitals. Nevertheless,
extrinsic magnetoelectric multiferroics do not suffer from this problem
because they do not share the same phase, hence being a very promising
approach to engineer adequate magnetoelectric multiferroics.
This thesis focus on the study of Fe and BaTiO3 systems as a means of
achieving novel magnetoelectric effects. It is shown that a peculiar type
of BaTiO3:Fe auto-composite presents an ordered magnetic behaviour,
despite the concentration of Fe being as low as 113 atomic ppm. The
Fe magnetization displays two abrupt changes in its spontaneous value,
one with ∆M/M ≈ 32% and the other with ∆M/M ≈ 14%. These
magnetic transitions are correlated the BaTiO3 orthorhombic↔tetragonal
and tetragonal↔cubic ferroelectric phase transitions.
This magnetoelectric auto-composite was the motivation to resort to
Density Functional Theory (DFT) modeling as a means to discover the
microscopic mechanism(s) behind such a strong magnetoelectric effect.
The study of an iron monolayer placed upon several possible BaTiO3 unit
cells lead to the discovery of several interfaces with abrupt changes in
their spontaneous magnetization, either through the enhancement and
reduction of the Fe magnetic moments, or through the change between
antiferromagnetic and ferromagnetic order of the Fe monolayer.
However, the highlight of these DFT studies lies in the discovery of a partic-
ular kind of interfaces, namely in the BTO221_2ndFe and BTO99_2ndFe
supercells, where there is a High-Spin–Low-Spin state transition which can
quench completely the atomic magnetic moment of each of Fe atom, de-
pending on the local crystal field felt by the Fe atoms. Based on this specific
effect, where it is possible to turn on and off the magnetic moments of the
Fe atoms, a magnetoelectric multiferroic device was proposed.
Knowing the importance of the crystal field for the High-Spin–Low-Spin state
transition, a thorough study regarding the Electric Field Gradient (EFG) of
each possible BaTiO3 site was performed, resorting to a combined study
of DFT and Perturbed Angular Correlations (PAC) spectroscopy. In this
study, it was concluded that the PAC spectroscopy is not the most adequate
hyperfine technique to be used in a quantitative study of the BaTiO3/Fe
interfaces EFG tensor, due to the non-negligible effects of the radioactive
probe on the BaTiO3 matrix.
Finally, the deposition of BTO/Fe heterostructures on LaAlO3, MgO, Al2O3
and SrTiO3 substrates using RF-Sputtering, and the Molecular Beam Epi-
taxy (MBE) deposition of Fe layers on BaTiO3 cut at the (100), (110) and
(111) planes were performed as an attempt to recreate the interfaces with
the most appealing magnetoelectric effects predicted in the DFT modeling.
The thin films deposited using sputtering showed the growth of many Fe,
Ba-Ti-O and Fe-Ti-O oxides depending strongly on their substrate, as well
as in the deposition and annealing conditions. Still no magnetoelectric cou-
pling was observed in such thin films.
On the other hand the Fe thin films deposited on BaTiO3 substrates showed
large magnetoelectric couplings between the BaTiO3 ferroelectric phase tran-
sitions and the magnetization of the Fe layers (similarly to what happened
in the BaTiO3:Fe auto-composite). The magnitude of this magnetoelectric
couplings is strongly correlated with the BTO interface where the Fe was
deposited, showing a huge change in spontaneous magnetization and coer-
civity for the rhombohedral↔orthorhombic ferroelectric phase transition up
to ∆M/M ≈ 148% and ∆HC/HC ≈ 183% respectively for the (110) case.
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Chapter 1
Introduction
Humanity’s awe towards nature was constant through history. Thunders, lightnings and
earthquakes gave birth to religions and cults regarding these mighty divine acts. Since the
discovery of the magical stones which attracted each other, abundant in the city of Magnesia,
magnetism took a great part in this fascination towards physical phenomena. The study of
ferromagnetism gave insights about the understanding and control of magnetization/magnetic
materials allowing the creation of many technological applications, in particular the possibility
of high density data storing [1].
Magnetoelectric multiferroics are a rare type of materials which show ferroelectricity and
magnetism simultaneously. Such a feature is very appealing, bringing forth diverse applications
such as magnetic sensors, memory devices and energy harvesting/conversion.
This thesis will focus on the study of magnetoelectric materials, namely interfaces of
BaTiO3 and Fe, two archetypes of ferroelectrically and ferromagnetism respectively, as an
attempt to unveil possible disruptive magnetoelectric eﬀects/couplings.
Chapter 2 will cover the theoretical background used through the manuscript. This chapter
is a good way for a non-specialist to gather most of the tools required to understand the topics
and results presented in this thesis.
Chapter 3 contextualizes the importance of the study of magnetoelectric materials, ex-
plaining what is the magnetoelectric eﬀect and its most well-known variants, as well as the
most promising technological applications associated with these materials.
Chapter 4 makes a brief exposition of the principles behind the experimental techniques
used through this thesis.
1
Introduction
BaTiO3 and Fe have been widely studied as possible candidates to the tailoring of a com-
petitive extrinsic magnetoelectric multiferroic, still the magnetoelectric couplings associated
with these multiferroics are still quite modest. Chapter 5 presents a very particular BaTiO3:Fe
compound where, through the analysis of its magnetic and vibrational (Raman) properties,
was possible to identify the existence of a considerable magnetoelectric coupling between the
magnetic properties of Fe and the ferroelectric properties of BaTiO3. Chapter 5 also presents
the usage of local techniques such as STEM/EDS, which was crucial to understand the speci-
ﬁcity of the conditions necessary to the occurrence of such a peculiar magnetoelectric coupling.
The work concerning this chapter was already published in [2] and [3].
Even though some of the conditions required for the magnetoelectric coupling presented
in chapter 5 were already unveiled in that same chapter, the physical microscopic mecha-
nism behind the eﬀect was still unclear, thus, Density Functional Theory modeling was used
in chapter 6 to try to understand the possible mechanisms associated with the BaTiO3/Fe
interfaces.
In chapter 6 the BaTiO3/Fe heterostructure comprised of a cubic or tetragonal BaTiO3
was chosen since it allows to study the inﬂuence of the BaTiO3 tetragonal↔cubic ferroelectric
phase transition on the Fe magnetic properties. In fact, this approach has also been used
by other groups. Still, in chapter 6, other Fe placements are also considered, enabling other
possible metastable interfaces which have completely diﬀerent magnetoelectric couplings.
In chapter 7, motivated by potential eﬀects of the BaTiO3 rhombohedral↔orthorhombic
and orthorhombic↔tetragonal ferroelectric phase transitions on BaTiO3/Fe heterostructures,
the simulation of BaTiO3/Fe supercells containing the orthorhombic and rhombohedral fer-
roelectric phases of BaTiO3 are performed using Density Functional Theory. The BaTiO3
rhombohedral and orthorhombic ferroelectric phases are equivalent to its tetragonal or cubic
unit cells when cut through the (111) and 110 planes respectively, thus to encompass the
possible magnetoelectric couplings associated with the BaTiO3 ferroelectric phase transitions,
the exploration of these alternative cubic and tetragonal unit cells is also considered in chapter
7.
The studies presented in chapter 6 and chapter 7 show that the local chemical environment
is very important to the magnetic properties of the Fe atoms/ions. Therefore, in chapter 8
the study of the electric ﬁeld gradient of BaTiO3 single crystals at diﬀerent sites is presented,
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using Density Functional Theory and Perturbed Angular Correlations.
The variety of interfaces and eﬀects presented in chapters 6 and 7 shows the potential
of BaTiO3 heterostructures under very speciﬁc conditions. To seek the reproduction of such
eﬀects, the deposition of BaTiO3 and Fe thin ﬁlms was performed on diﬀerent substrates –
LaAlO3, MgO, Al2O3 and SrTiO3– using a RF-Sputtering. Chapter 9 presents the details
and deposition conditions of these heterostructures, as well as the characterization of their
magnetic and structural properties.
Additionally, to have more controlled and cleaner conditions, the deposition of Fe thin
ﬁlms was performed through Molecular Beam Epitaxy on BaTiO3 substrates. The substrates
were cut under the (100), (110) and (111) directions, thus enabling the controlled deposition
of Fe in these three possible interfaces of BaTiO3, similar to the cases simulated in chapter
7. The magnetic results of the thin ﬁlms produced under these very controlled conditions are
presented in chapter 10.
3
Introduction
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Chapter 2
Theoretical Background
2.1 Classical Electromagnetism
The understanding and control of electromagnetism is one of humanity’s greatest achieve-
ments which enabled the beginning of a technological world. During the nineteenth century
scientists such as Faraday and Maxwell were crucial to the development of this scientiﬁc area,
being responsible for its theoretical framework which can be condensed in the well-known
Maxwell equations (equations 2.1 and 2.2) [4, 5].
Differential equations (SI)
~∇ · ~E = ρ
ǫ0
(2.1a)
~∇ · ~B = 0 (2.1b)
~∇× ~E = −∂
~B
∂t
(2.1c)
~∇× ~B = µ0
(
~j + ǫ0
∂ ~E
∂t
)
(2.1d)
Integral equations (SI)
‹
∂V ′
~E · d~S =
˚
V ′
ρ
ǫ0
dV (2.2a)
‹
∂V ′
~B · d~S = 0 (2.2b)
˛
Σ
~E · d~ℓ = − d
dt
¨
S′
~B · d~S (2.2c)
˛
Σ
~B · d~ℓ = µ0
¨
S′
(
~j + ǫ0
∂ ~E
∂t
)
· d~S (2.2d)
Where ~E is the electric ﬁeld, ~B is the magnetic ﬂux density, ρ is the charge density, V ′
is the integration volume, ǫ0 the electric vacuum permittivity, µ0 is the magnetic vacuum
permeability, S′ is the surface which the magnetic ﬂux passes through in (2.2c) case or which
the electric current density passes through in (2.2d), and Σ is the closed path which encloses
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S′.
Equations 2.1 and 2.2 are the same equations but in the diﬀerential and integral formulation
respectively. Equations 2.1a and 2.2a refer to Gauss’s law, equations 2.1b and 2.2b refer to
Gauss law for magnetism, equations 2.1c and 2.2c refer to Faraday’s law of induction (also
known as Maxwell-Faraday equation), and ﬁnally equations 2.1d and 2.2d refer to Ampère’s
circuital law with Maxwell’s correction.
These equations are the Rosetta stone to describe and understand all the electromagnetic
phenomena involving discrete charges and currents in vacuum. However, these equations
struggle at the description of macroscopic electromagnetism phenomena in matter.
To generalize the application of Maxwell equations to electromagnetic macroscopic be-
haviour in matter, concepts such as magnetization, ~M , and polarization, ~P , were introduced.
Magnetization is an intensive quantity which describes the amount of magnetic moments, ~m,
per unit of volume of a given material, and is related to ~B by equation 2.3:
~B = µ0
(
~H + ~M
)
, (2.3)
where ~H is the magnetic ﬁeld strength. I should point out that both ~B and ~H can be called
magnetic ﬁeld, nevertheless in this manuscript I will always use magnetic ﬂux density or
magnetic induction when addressing the ~B ﬁeld, and magnetic ﬁeld, magnetic ﬁeld strength
or magnetizing force when I am referring to the ~H ﬁeld.
Another important concept is the magnetic susceptibility (χˆ = χˆm), which deﬁnes how
much a material magnetization is aﬀected by a magnetizing ﬁeld, as described by (2.4) for the
particular case of a paramagnetic (PM) material [6–8].
~M = χˆ ~H . (2.4)
Since the magnetization of a given material can be anisotropic an ﬁeld dependent, the magnetic
susceptibility must be a tensor, as deﬁned by equation 2.5 [6–8]:
χij =
∂Mi
∂Hj
. (2.5)
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Putting together equations 2.3 and 2.4 we obtain equation 2.6:
~B = µ0 (1 + χ) ~H = ǫ ~H , (2.6)
from which we can obtain the material eﬀective magnetic permeability, described by (2.7)
[6–10]:
µ0 (1 + χ) = µ = µ0µr , (2.7)
where µr is the material relative magnetic permeability. Alternatively we can present the
permeability in its diﬀerential formulation (2.8) [6–10]:
µij =
∂Bi
∂Hj
. (2.8)
Analogously, for the electric counterpart, a susceptibility tensor can also be deﬁned as the
ability of an electric ﬁeld to aﬀect a material polarization, as shown in equation 2.9:
χeij =
∂Pi
∂Ej
, (2.9)
and in equation 2.10:
~P = χˆe ~E , (2.10)
where ~P is an intensive quantity which describes the amount of electric dipoles, ~p, per unit of
volume of a given material. ~p is deﬁned by equation 2.11:
~p =
˚
V ′
~r · ρ(r)dV . (2.11)
Similarly to ~B there is an useful ﬁeld which helps in the description of matter’s electrical
properties, the electric displacement ﬁeld, ~D, which is described by equation 2.12:
~D = ǫ0 ~E + ~P . (2.12)
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Substituting equation 2.10 in (2.12) we obtain equation 2.13:
~D = ǫ0
(
1 +
χe
ǫ0
)
~E , (2.13)
from which we obtain (2.14):
ǫ0
(
1 +
χe
ǫ0
)
= ǫ = ǫ0ǫr , (2.14)
where ǫ is the eﬀective electric permittivity of a given material, and ǫr is the relative permit-
tivity, a dimensionless quantity also known as dielectric constant.
Using the new deﬁnitions of ~B (equation 2.6) and ~D (equation 2.13) in equations 2.1 and
2.2 results in the Maxwell equations in matter (equations 2.15 and 2.16) [4, 5]:
Differential equations (SI)
~∇ · ~D = ρfree (2.15a)
~∇ · ~B = 0 (2.15b)
~∇× ~E = −∂
~B
∂t
(2.15c)
~∇× ~H = ~jfree + ∂
~D
∂t
(2.15d)
Integral equations (SI)
‹
∂V ′
~D · d~S =
˚
V ′
ρfree dV (2.16a)
‹
∂V ′
~B · d~S = 0 (2.16b)
˛
Σ
~E · d~ℓ = − d
dt
¨
S′
~B · d~S (2.16c)
˛
Σ
~H · d~ℓ =
¨
S′
(
~jfree +
∂ ~D
∂t
)
· d~S (2.16d)
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2.2 Magnetic Dipole Moment
While studying magnetic properties of matter, there is a concept which naturally arises,
the magnetic dipole moment ~m (or ~µ), used to describe the magnetic force deﬁned by equation
2.17:
~FMag = −~∇
(
~m  ~B
)
. (2.17)
The classical magnetic dipole moment is deﬁned by equation 2.18 [6, 8]:
~m =
1
2
˚
V ′
~r ×~j(r)dV =
¨
S′
Id~S , (2.18)
where ~r is the position vector, ~j(r) is the electric current density, and S′ is the surface enclosed
by the electric current I.
Knowing that a ~m under the eﬀect of a magnetic ﬂux density produces a torque, ~Γ, de-
scribed by equation 2.19:
~Γ = ~m× ~B , (2.19)
and that the work done by this torque, between the angles θ1 and θ2, is described by equation
2.20:
W =
ˆ θ2
θ1
~Γ · nˆ dθ , (2.20)
we conclude that the energy associated with the interaction between a magnetic moment ~m
and a magnetic ﬂux density ~B is described by (2.21):
Emag =
ˆ θ2
θ1
(
~m× ~B
)
· nˆ dθ = −~m  ~B . (2.21)
2.2.1 Quantum Magnetic Dipole Moment
According to Bohr-van Leeuwen’s theorem, classical statistical mechanics predicts that the
average net magnetization of a given material should always be zero [6,8,9]. Nevertheless, we
know for a fact that this cannot be true, otherwise there would not be magnets, wherefore,
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magnetic properties of matter must be a direct consequence of the quantum character of
nature.
For this reason, lets analyse the magnetic moment of an electron ”orbiting” a nucleus, such
as in the hydrogen case. Using a semi-quantum approach, it can be said that the electron
motion around the nucleus is equivalent to the electric current of equation 2.22 [4, 9]:
I =
dq
dt
=
q
T
= f · q = ω
2π
q =
v
2πr
q , (2.22)
where q is the electron charge, T its period around the nucleus, f its corresponding frequency,
ω the angular velocity, r the electron orbit radius, and v the electron velocity.
Since the magnetic moment can be described by the product of an electric current with
the area enclosed by that current (equation 2.18), then multiplying the current of (2.22) with
the electron orbit area A = πr2, and taking into account that ~L = ~r × ~p equation 2.23 is
obtained [11, 12]:
~m = IA =
~L
rmev
2me
q = γ~L , (2.23)
where me is the electron mass and γ =
q
2m is the gyroscopic constant.
Since the quantum formulation states that for the ground state the angular momentum is
~L = ~nˆ [12, 13], it is possible to deﬁne the magnetic dipole moment of an electron ”orbiting”
a nucleus as equation 2.24 [1, 6]:
µB =
e~
2me
, (2.24)
where e is the electron charge. This quantity is also called Bohr magneton and is the building
block of matter magnetic moments.
Till now we have only considered the orbital angular moment Lˆ, however in the quantum
world the electron has its own intrinsic magnetic moment, its spin Sˆ. Therefore, we should
consider the total angular momentum operator, Jˆ as described in (2.25) [7, 8]:
Jˆ = Lˆ+ Sˆ (2.25)
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to deﬁne the total magnetic moment of a given system, as described by equation 2.26:
~m = γ ~J . (2.26)
Looking again to equation 2.21 and considering the quantum approach, we obtain a new
energy equation, the Zeeman equation (2.27) [7, 8]:
Emag = −gJµB
(
Jˆ
~
 ~B
)
= −gJ µBmJB , (2.27)
where mJ is the magnetic quantum number associated to the projection of the total angular
momentum operator Jˆ into an arbitrary axis, gJ is the Landé g-factor for a multi-electron
atom and is described by equation 2.28 [7, 8] :
gJ = 1 +
J(J + 1) + S(S + 1)− L(L+ 1)
2J(J + 1)
. (2.28)
Inspecting equation 2.27 and ﬁgure 2.1 it is possible to see that the magnetic ﬂux density
~B lifts the atom energy degeneracy into 2J+1 diﬀerent energy levels with an energy diﬀerence
of ∆E = gJµBB [6, 7, 9, 13]. This energy splittings is called the Zeeman eﬀect, or Zeeman
splitting.
Figure 2.1: Diagram representing the mJ projection in an arbitrary axis z, and the Zeeman
eﬀect. From [6].
Lastly one can deﬁne an eﬀective magnetic dipole moment using equation 2.29 [9]:
meff = µeff = gJµB
√
J(J + 1) , (2.29)
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which is the expression usually used to determine the total magnetic dipole moment of a
multi-electron atom.
2.3 Magnetic Dipole Interactions
As considered in equation 2.3, a given material can have an intrinsic spontaneous magneti-
zation even in the absence of a magnetizing ﬁeld ~H, thus there must be some kind of interaction
responsible for such a spontaneous magnetic order. One of the immediate thoughts is that this
ordering can come from the dipole interactions between the magnetic dipole moments present
in the material. These dipole interactions are deﬁned by equation 2.30:
Edip =
µ0
4πr3
[~m1  ~m2 − 3 (~m1  eˆr) (~m2  eˆr)] , (2.30)
where eˆr is the unit vector with the direction that connects the magnetic dipole moment ~m1
and ~m2, and r the distance between them.
Analysing equation 2.30, assuming a separation of r =1 Å and ~m1 = ~m2 = 1µB we obtain
an energy equivalent to a temperature T = E/kB ≈ 1 K. In other words, if these interactions
were the source of spontaneous magnetization in matter, then we would only observe such a
phenomenon at very low temperatures, and there would not be any permanent magnetization
at room temperature. As a matter of fact, the source of spontaneous magnetization is di-
rectly related to a set of quantum interactions denominated exchange interactions, which are
responsible for the long-range order of magnetic materials.
2.4 The Exchange Integral
Let’s consider two electrons represented by the wave functions φa(r, s) and φb(r, s), as well
as two positions r1 and r2, and two spins s1 and s2. It is possible to represent the wavefunction
of a given electron as a product of its spatial and spin functions, φa(ri, sj) = ψa(ri)χ(sj).
Additionally, it is possible to represent two electrons as a single wave function which results
from the product of both electrons’ wavefunctions, Ψ = φaφb [13].
Electrons are fermions, so their wavefunctions must be anti-symmetric, hence, for the wave-
function deﬁning both electrons to be anti-symmetric we should have one of two possibilities.
12
2.4 The Exchange Integral
Either we have the singlet wavefunction of equation 2.31 [7, 9, 13]:
ΨS =
1√
2
[ψa(r1)ψb(r2) + ψa(r2)ψb(r1)]χS , (2.31)
whose spatial part is symmetric and the spin part is a singlet χS ∼ (↑, ↓) → S = 0 (which is
anti-symmetric); or we have the triplet wavefunction of equation 2.32 [7, 9, 13]:
ΨT =
1√
2
[ψa(r1)ψb(r2)− ψa(r2)ψb(r1)]χT , (2.32)
whose spatial part is anti-symmetric and the spin part is a triplet χT ∼ (↑, ↑)→ S = 1 (which
is symmetric) [7, 9, 13].
The energy for each state is given by equations 2.33 and 2.34 [7, 11]:
ES =
¨
Ψ∗SHˆΨS dr1dr2 = I+ J , (2.33)
ET =
¨
Ψ∗THˆΨT dr1dr2 = I− J , (2.34)
where I is the Couloumb integral described by equation 2.35 [9]
I =
¨
|ψa(r1)|2Hˆ|ψb(r2)|2 dr1dr2 , (2.35)
and J is the Exchange integral. The exchange integral can be obtained calculating the energy
diﬀerence between the singlet and triplet state, as shown in (2.36) [9]:
ES − ET = 2J⇒ J = ES − ET
2
=
¨
ψ∗a(r1)ψ
∗
b (r2)Hˆψa(r2)ψb(r1) dr1dr2 . (2.36)
Analysing equation 2.36 it is perceptible that for J < 0 the singlet state is the one with less
energy, favouring anti-parallel magnetic moments (antiferromagnetic conﬁguration). For J > 0
the triplet state is the lowest energy state, favouring parallel magnetic moments (ferromagnetic
conﬁguration) [8].
This interpretation shows that the exchange integral correlated to the possible types of
magnetic ordering. This magnetic ordering can be described using the Heisenberg Hamiltonian
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of equation 2.37:
Hˆspin = −
N∑
ij
JijSˆi  Sˆj , (2.37)
where i and j are the indices referring to two diﬀerent electrons and N the total number of
electrons of the system in study [12].
There are several types of exchange interaction mechanisms which lead to diﬀerent mag-
netic ordering and contributions to Jij .
2.4.1 Direct Exchange interaction
The simplest exchange integration is the direct exchange interaction, where adjacent spins
tend to align parallelly or anti-parallelly depending on the Jij sign. As the name suggests, this
exchange interaction does not need any mediator, therefore, since the electrostatic interactions
lose substantially their strength as the distance between spins increases, this eﬀect tends to
be dominant between ﬁrst neighbours [6].
This feature is clearly observed in rare earths, whose 4f orbitals are located closer to the
nucleus than their 5s orbitals, resulting in weak interactions through this exchange mechanism,
requiring other exchange interactions mechanisms and/or intermediate elements in order to
present magnetic ordering at high temperatures.
2.4.2 Superexchange interaction
Once the direct exchange interaction is associated with quite small ranges, to designate
longer interaction ranges the preﬁx ”super” was adopted. The superexchange interaction is
an indirect interaction, usually present in oxides, where the oxygen acts as a mediator bridge
connecting the exchange interaction of two metals. This indirect interaction is characteristic
of insulator ionic solids, where the electrons are relatively well localized [6, 9].
The superexchange interaction lies in the fact that the Oxygen’s p orbitals overlap with the
d or f orbitals of the magnetic ions, resulting in the hybridization of both orbitals. Figure 2.2
presents the superexchange mechanism between two transition metals (Mn) mediated by an
oxygen atom. Conﬁguration (a) is a ferromagnetic conﬁguration and does not allow the mixing
of its ground state with the exited states, where one or both oxygen electrons would transfer to
14
2.4 The Exchange Integral
the Mn orbitals due to Pauli’s exclusion principle. In the (b) antiferromagnetic conﬁguration
there can be a mixing between the ground and excited states, allowing the electrons to be
delocalized between Mn’s d orbitals and O’s p orbitals, lowering their kinetic energy. Because
of this, (b) conﬁguration is more stable than conﬁguration (a).
Figure 2.2: Explicative scheme of the superexchange interaction. From [6].
The superexchange interaction is of the order of J ∼ − t2/U, where t is the p − d hopping
integral and U is the local Coulomb interaction. The hopping or transfer integral, t depends
on the distance and angle between the metallic ions and the mediator anion. This way,
it is possible to have a ferromagnetic arrangement for an angle M −A−M of 90◦, or the
more common antiferromagnetic arrangement for an angle M −A−M comprised between
120 − 180◦ [6].
2.4.3 RKKY interaction
Other indirect exchange interaction, but this time characteristic of metals, is the RKKY
exchange interaction, whose acronym refers to the name of the scientists involved in its dis-
covery (Ruderman, Kittel, Kasuya and Yosida) [11]. This exchange interaction arises from
the spin polarization of conduction electrons by local magnetic ions. These polarized electrons
serve as long range mediators to the exchange coupling of two local magnetic ions, which are
frequently magnetic ion impurities of the host metal.
The RKKY interaction has a value which oscillates along the distance r as described in
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equation 2.38:
JRKKY (r) ∝
(
sin(2kF · r)
16(kF · r)4 +
cos(2kF · r)
8(kF r)3
)
. (2.38)
where kF is the Fermi wave number. This exchange interaction is responsible for the phe-
nomenon often designated as itinerant magnetism [6, 14, 15].
2.4.4 Double Exchange interaction
For some ions with mixed valence states such as Mn, which typically possess Mn3+ and
Mn4+ valences, there can be a ferromagnetic exchange interaction named double exchange
interaction. This coupling mechanism is very well known for the material La1−xSrxMnO3
which is a mixture between LaMnO3 (La3+ and Mn3+ ions) and SrMnO3 (with Sr2+ and Mn4+
ions). Both LaMnO3 and SrMnO3 are antiferromagnetic perovskites, thus La1−xSrxMnO3 is
AFM for x = 1 and x = 0. Nevertheless, for a concentration of x ≈ 0.175 this material
becomes ferromagnetic! This is due to presence of double exchange interactions [9].
The double exchange mechanism is schematized in ﬁgure 2.3 where it is possible to observe
that for a given ion Mn4+ the electron in the eg energy levels can hop to the Mn3+ ion as long
as both ions have their t2g electrons aligned (ﬁgure 2.3a). If the t2g electrons are not aligned
(ﬁgure 2.3b) this mechanism becomes energetically unfavourable, thus there is a bias for the
mixed valence ions to have their electrons in a ferromagnetic arrangement [6, 9].
Figure 2.3: Explicative scheme of the mechanisms behind the double exchange interaction.
Adapted from [9].
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2.4.5 Antisymmetric Exchange interaction
Another very important exchange interaction is the Antisymmetric exchange interaction,
which is described by the Hamiltonian of equation 2.39:
HˆDM = ~Dij 
(
Sˆi × Sˆj
)
, (2.39)
where ~Dij ∝ ~ri × ~rj is the Dzyaloshinsky-Moriya vector. The Antisymmetric exchange, also
known as the Dzyaloshinsky-Moriya interaction, is a spin-orbit eﬀect which favours the spin
canting of antiferromagnetic spins and is the source the weak ferromagnetism behaviour, which
for a long time was wrongly attributed to magnetic impurities in AFM materials [6, 9].
2.4.6 Biquadratic Exchange interaction
Beyond the above mentioned exchange interactions, there can be higher order exchange
interactions such as the biquadratic exchange interaction, described by equation 2.40 [6]:
Hˆ = −B
(
Sˆi  Sˆj
)2
, (2.40)
where B is the second order exchange constant, analogous to the ﬁrst order exchange constant
of (2.37), J. Usually these higher order exchange interactions are quite weak, thus are usually
neglected.
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2.5 Crystal Field
When an atom/ion belongs to a given crystal lattice it will feel the eﬀects of the surrounding
atoms (the ligands). As a ﬁrst approximation we can consider the inﬂuence of its neighbouring
atoms as the point charge Coulomb interactions of equation 2.41 [6, 7, 9–11,16–19]:
Vcf(r) =
N∑
L=1
qL
4πǫ0 |RL − r| , (2.41)
or for a more accurate description, let’s take into account the Coulomb interactions of the
charge density surrounding the considered atom as in (2.42) [6, 7, 9, 11]:
Vcf(r) =
ˆ
ρ(R′)
4πǫ0 |R′ − r|d
3R′ , (2.42)
where r is the position of the centre atom, RL and qL and are the position and charge of the L
index ligand, R′ and ρ(R′) are the position and the charge density outside the charge density
of the centre atom.
These considerations were originally referred as crystal ﬁeld theory and took into consider-
ation just the point charge model to calculate the interaction of the ligand atoms as described
by (2.41). The crystal ﬁeld theory was later developed so it also considered the eﬀect of the
overlap between the ligand electrons and the centre atom (also called ligand theory) adding
to the latter’s Hamiltonian the term of equation 2.43 [6, 7, 9, 11, 19]:
Hˆcf =
¨
ρ0(r)ρ(R
′)
4πǫ0 |R′ − r|d
3rd3R′ . (2.43)
This term is added to the total Hamiltonian of an atom in an solid (equation 2.44) [6, 7,
9, 11, 19]:
Hˆtotal = Hˆ0 + Hˆcf + Hˆso + HˆZ , (2.44)
where Hˆ0 is the Hamiltonian term responsible for the Coulomb and exchange interactions,
Hˆso is the spin-orbit term, and HˆZ is the Zeeman term [6,7, 9, 11, 19].
For 4d ions the magnitudes of the Hamiltonian terms have usually the following order:
Hˆ0 > Hˆso > Hˆcf > HˆZ once the 4d valence electrons are shielded from Vcf by the 5s outer
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orbitals, thus the contribution of Hˆcf is mostly neglected [6, 7, 9, 10].
In other hand, for 3d ions not only the Hˆso is lower than in 4d ions, due to their lower atomic
mass, as there are no eﬀective shielding of the Vcf potential. In this case the Hamiltonian terms
are ordered as Hˆ0 & Hˆcf > Hˆso > HˆZ [6, 7, 9, 19].
Figure 2.4: Each crystaline ﬁeld promotes a diﬀeent energy splitting of the central magnetic
ion. Adapted from [9].
For a free transition metal ion/atom there are ﬁve possible degenerate d orbitals whose
wavefunctions can be described in cartesian coordinates by equations 2.45–2.49 [6,7,11,16,19]:
dxy = R(r)xy , (2.45)
dxz = R(r)xz , (2.46)
dyz = R(r)yz , (2.47)
dx2−y2 = R(r)(x
2 − y2) , (2.48)
d3z2−r2 = R(r)(2z
2 − x2 − y2) = R(r)(3z2 − r2) , (2.49)
where R(r) is the radial part of the di wavefunction.
The crystal ﬁeld will lift the degeneracy of the ﬁve 3d orbitals depending in the symmetry
and strength of (2.42). In fact, the symmetry of the crystal ﬁeld is detrimental to the energy
splitting. Group theory predicts that when a free 3d ion, which has spherical symmetry, is
subjected to a cubic crystal ﬁeld the original 5-dimensional degenerated d orbitals decompose
to two irreducible representations: a 3-dimensional representation, T2 (also known as t2g),
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which contains the dxy, dxy and dxy degenerate orbitals, and a 2-dimensional representation,
E (also known as eg), which contains the d3z2−r2 and dx2−y2 orbitals [6,7,19]. Figure 2.4 shows
two particular examples of energy splitting of two cubic symmetry chemical environments.
It is possible to see that the octahedral and tetrahedral chemical environments lift the
energy degeneracy of the d orbitals in opposite ways.
Figure 2.5 shows the energy splitting for several symmetry groups. ∆ is the energy splitting
energy induced by the crystal ﬁeld, or crystal ﬁeld energy. It is possible to observe in ﬁgure
Figure 2.5: Crystal ﬁeld induced energy splitting for the Td, Oh, and two D4h symmetry
groups. Adapted from [7].
2.5 that the lower the symmetry the more energy splitting there are [7, 18, 19].
2.5.1 Orbital Quenching
The crystal ﬁeld is in fact related to a well-known eﬀect present in 3d magnetic ions of
solids and in molecules, whose measured magnetic moments diﬀer from the ~m expected from
the total angular momentum predicted by Hund rules. The measured magnetic moments
would only agree with the ones expected from Hund rules when Lˆ = 0 [6, 9]. In fact, the
measured moments would agree quite well if we considered for all cases Lˆ ≈ 0⇒ Jˆ ≈ Sˆ. This
eﬀect is called ”orbital quenching” and happens due to the crystal ﬁeld interaction with the
3d orbitals [6, 9].
The crystal ﬁeld Hamiltonians are always described by real functions1, therefore their
1The octahedral crystal field for example is described by Vcf ∝ x
4 + y2 + z4 − 3
5
r4 +O(r6)
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eigenfunctions are all real [6, 7, 9, 16, 19]. Let’s consider the speciﬁc case of a non-degenerate
ground state |0〉. Since Lˆ is Hermitian, its expected value 〈0| Lˆ |0〉 must be real [6,7,9,16,19].
However Lˆ is an imaginary operator, as equation 2.50 shows us:
Lˆ = −irˆ ×∇ , (2.50)
therefore, the only way to 〈0| Lˆ |0〉 be real is when:
〈0| Lˆ |0〉 = 0 =⇒ Lˆ = 0 . (2.51)
There are several ways to prove/interpret the source of the orbital quenching, however in
the end, it all comes to the need of its quenching for the simultaneously real and imaginary
nature of 〈0| Lˆ |0〉 for 3d ions under a real non-zero crystal ﬁeld [6, 7, 9, 16, 19].
2.5.2 Jahn-Teller Effect
Another fairly well known crystal ﬁeld eﬀect is the Jahn-Teller eﬀect, where there is a
distortion in the crystal lattice due to the energy lifting within the eg and t2g orbitals (ﬁgure
2.6) [6, 10, 16, 20]. In ﬁgure 2.6 it is possible to observe that for a tetragonal elongation
Figure 2.6: Energy diagrams of a Jahn-Teller distortion for the Mn3+ ion. Adapted from [20].
of the octahedral coordination the eg and t2g orbitals lift the degeneracy again (due to the
further lowering of the crystal ﬁeld symmetry) resulting in an overall lower energy electronic
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occupation energy. This energy lowering is given by equation 2.52 [6, 16, 20]:
Ejt = −Aǫ , (2.52)
where A is a constant and ǫ is the tetragonal strain. It is also necessary to take into account
the elastic energy resultant from the local elongation. This energy is described by equation
[6, 7, 9, 16]:
Eelastic = +Bǫ
2 (2.53)
where B is a constant related to the elastic energy. To determine the equilibrium strain it is
necessary to sum both (2.52) and (2.53) obtaining as a result equation 2.54
Etotal = −Aǫ+Bǫ2 . (2.54)
Finally for a positive solution of equation 2.55 we ﬁnd the equilibrium strain ǫ0 [6, 7, 9, 16].
∂Etotal
∂ǫ
= 0 =⇒ ǫ0 = A
2B
> 0 (2.55)
2.5.3 High-Spin–Low-Spin transition
At last, I would like to discuss here the fascinating High-Spin–Low-Spin transitions. As
discussed above, the crystalline ﬁeld of ligand atoms will lift the degeneracy of the d orbitals
by a crystal energy ∆. Notwithstanding, there is another quantity that should be considered
to understand how the 3d orbitals will be ﬁlled in a multi-electron transition metal. This
quantity is the pairing energy, U , and is related to the energy penalty resulting from the
electrostatic repulsion between two electrons occupying the same orbital [6, 7, 17, 19].
Depending on relative magnitude of both ∆ and U it is possible to have more than one
way of ﬁlling the same ion 3d orbitals. Let’s once again use the octahedral crystal ﬁeld as an
example. For U ≫ ∆ all the orbitals are ﬁrstly ﬁlled with just one electron per orbital, obeying
the ﬁrst Hund’s rule. This scenario will result in the highest possible unpaired spins thus being
a High-spin (HS) state (ﬁgure 2.7). Contrarily, for U ≪ ∆ the ﬁrst Hund’s rule is violated
and all the t2g orbitals are ﬁlled before ﬁlling the eg orbitals. This scenario will result in the
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Figure 2.7: Explicative diagram of the mechanism behind the Low-spin and High-spin conﬁg-
urations. Adapted from [7].
lowest possible unpaired spins, being a Low-spin (LS) state (ﬁgure 2.7). Figure 2.8 shows the
LS and HS conﬁgurations for two Fe ions under an octahedral crystal ﬁeld [6, 7, 17, 19].
Figure 2.8: Energy diagram of Fe2+ and Fe3+ Low-Spin and High-Spin states. Adapted
from [7].
Using external perturbations such as pressure and temperature it is possible to induce spin
state transitions between the HS and LS conﬁgurations of speciﬁc ions, depending on their ∆,
U and the magnitude of the external perturbation [17].
2.6 Order Parameters and Symmetry Breaking
The spontaneous order of a given physical quantity below a given temperature is a common
but quite interesting phenomenon in nature. The emergence of spontaneous magnetization,
spontaneous polarization, null resistivity are phenomena that happen below a critical temper-
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ature TC for the ferromagnetism, ferroelectricity and superconductivity respectively.
This symmetry breaking of a given system is quite similar to a phase transition, such as
the transition from a liquid to a solid. Liquid water, for example, is in a high symmetry
state, where all water molecules are randomly oriented, thus the system will seem to be in
the same arrangement even after several symmetry operations. When the water freezes, its
ordering constrains the possible symmetry operations which maintain the arrangement of the
molecules apparently unchanged, so there was a symmetry break and, therefore, ice is a less
symmetric state of the water molecules arrangement.
Lev Landau was probably the scientist which contributed the most to the thermodynamic
study of phase transitions. In his theory a given system can be described around the vicinities
of its critical point2 by a thermodynamic potential, Φ, expanded in a power series with the
order parameter η and an applied ﬁeld Y , as described in (2.56) [21].
Φ(x, y, η) = Φ0 +Φ1η +Φ2η
2 +Φ3η
3 · · · − ηY where


η = 0 , T > TC
η 6= 0 , T < TC
(2.56)
This approach turned out to be very useful and truly eﬀective in most cases, being a very
simple mean ﬁeld approach which describes adequately many physical behaviours such as the
magnetization of a given material [21, 22].
In a ferromagnetic system the order parameter is the magnetization, M , where M = 0 in
the high temperature phase and M 6= 0 below the critical temperature, TC, also known as
Curie temperature.
2.6.1 Paramagnetism
Paramagnetism is the high symmetry phase of a magnetic system (such as Fe or Ni),
where M = 0 in the absence of a magnetic ﬁeld. In this phase the magnetic dipole moments
(spins) are randomly oriented due to the overtake of the thermal energy over the exchange
interactions, thus there is no overall well deﬁned alignment of the material spins (ﬁgure 2.9).
Nevertheless, if an external magnetic ﬁeld is applied to the system its magnetic energy (2.27)
increases, overcoming the thermal energy and so its net magnetization becomes non-zero.
2Point where there is a phase transition for which there is a drastic change between two types of behaviours.
For a ferromagnetic material this critical point correspond to its Curie temperature
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Figure 2.9: Types of magnetic ordering.
To describe PM with a simple case, let’s consider a system where each atom contributes
to the total magnetic moment with spin J = S = 1/2). There are two possible states for each
spin, one for the up orientation |↑〉 and other for the down orientation |↓〉. Using equation
2.27 it is possible to determine the energy associated with both states, E|↑〉 = −µBB and
E|↓〉 = +µBB. To determine the magnetization as a function of the temperature and magnetic
ﬁeld for this system we can use the equation 2.57, the Maxwell-Boltzman distribution:
p(E) = Ae(−
E/kBT ) (2.57)
to determine the diﬀerence between the populations of |↑〉 and |↓〉. The population diﬀerence
of these two states is proportional to the net magnetization as shown in equation 2.58:
M(B,T ) ∝M(B, 0)e
x − e−x
ex + e−x
= tanhx , x =
µBB
kBT
, (2.58)
where M(B, 0) = nµB for n = N/V is the maximum possible magnetization (all spins are
aligned in the same direction). Therefore, for this system the magnetization as a function of
temperature and magnetic ﬂux density is described by equation 2.59:
M(B,T ) = nµB tanh(x) (2.59)
Léon Brillouin generalized this idea for a system of atoms with many electrons, with a
total angular momentum J by evaluating the total magnetic dipole thermodynamic average,
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〈mz〉 for all possible |mJ〉 states, as shown in equation 2.60 :
〈mz〉 =
+J∑
i=−J
gJ · µB ·mi · e
(
− E
kBT
)
+J∑
i=−J
e
(
− E
kBT
) . (2.60)
After some algebra, the general magnetization equation is given by equation 2.61:
M(B,T ) = MsBJ(y) (2.61)
whereMs = ngJµBJ is the saturation magnetization, y = xJ , and BJ is the Brillouin function,
deﬁned as (2.62).
BJ(y) = 2J + 1
2J
coth
(
2J + 1
2J
y
)
− 1
2J
coth
( y
2J
)
(2.62)
Other particular case is the limit where J →∞ which results in the classical Langevin function,
B∞(y) = L(y), deﬁned by equation 2.63.
L(y) = coth(y)− 1
y
(2.63)
At high temperatures and magnetic ﬁelds not excessively large it is possible to approximate
the description of a paramagnet material to the Curie law (2.64):
χ =
C
T
=
nµ0µ
2
Bg
2
JJ(J + 1)
3kB
· 1
T
(2.64)
where χ is the magnetic susceptibility, and C is the Curie constant.
2.6.2 Ferromagnetism
Ferromagnetism (FM) is the paramagnetism counterpart, being the magnetic low sym-
metry ordered phase. In this ordered phase the exchange integral is J > 0, thus having a
spontaneous magnetization for a null external magnetic ﬁeld. The ferromagnetic state of a
given material only arises below a critical temperature, its Curie temperature, where there is
the mentioned spontaneous magnetization. This happens since the Heisenberg term (2.37) of
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the system’s Hamiltonian overtakes the thermal energy, being responsible for the tendency of
the magnetic moments to be aligned in the same direction (ﬁgure 2.9).
Before there was a quantum framework explaining the exchange interaction, Weiss de-
veloped a classical approach to interpret ferromagnetism. Weiss imagined a molecular ﬁeld
~Bmf = λ ~M which would be responsible for the alignment of the magnetic moments of the fer-
romagnet. The idea of a molecular ﬁeld is just a mean ﬁeld approximation and is conceptually
inaccurate, as a matter of fact, a molecular ﬁeld in the order of 103 T would be necessary to
explain the existence of ferromagnetism in Fe.
Notwithstanding, using the eﬀective magnetic ﬁeld of equation 2.65:
~Beff = ~B+ ~Bmf = ~B + λ ~M (2.65)
as the magnetic ﬁeld considered in the Brillouin function (2.62) we obtain the transcendental
equation 2.66:
M(Beff, T ) = MsBJ(y) , y = µBJBeff
kBT
=
µBJ(B + λM)
kBT
. (2.66)
These kind of equations have the peculiarity that the magnetization depends on the mate-
rial history, which translates in a hysteresis curve of magnetization with a coercive ﬁeld HC
(M(HC) = 0), and a spontaneous magnetization which for a very hard ferromagnet is the
same as the saturation magnetization Ms.
In a ferromagnetic system, for T ≥ TC it is possible to use the Curie-Weiss law to describe
its paramagnetic susceptibility, as perceptible in equation 2.67:
χ =
C
T − TC (2.67)
It is also possible to correlate Weiss molecular ﬁeld with the meaningful quantum exchange
interactions, thus unveiling in (2.68) which are the physical quantities behind the molecular
ﬁeld constant λ:
λ =
2zJ(gJ − 1)2
ng2Jµ
2
B
(2.68)
where z is the number of ﬁrst neighbours.
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Knowing that the Curie temperature is the product between the molecular ﬁeld constant
and the Curie constant, it is possible to deﬁne this critical temperature by equation 2.69:
TC = λC =
2zJ(gJ − 1)2
3kB
J(J + 1) (2.69)
Curie-Weiss law describes well the behaviour of a ferromagnetic material in its paramag-
netic phase, however for T ≈ TC there is a singular behaviour (the Curie-Weiss law is only
applicable for T > TC). To solve these problems, Landau theory (equation 2.56) can be
used around the Curie temperature as another mean ﬁeld approach. In this case, the order
parameter η is clearly the magnetization M and the chosen thermodynamic potential is the
Helmholtz free energy, F . To ensure that there is no energy distinction between two identical
systems with net magnetization M and −M , only even terms are considered in the power
expansion. Considering only the terms till the fourth power, equation 2.70 is obtained:
F (M,T ) = F0 + a(T )M
2 + bM4 (2.70)
where F0, b > 0 and a(T ) are parameters characteristic from the system/material in study.
To ﬁnd the minimum energies of the Helmholtz free energy equation 2.70 is diﬀerentiated,
as shown in equation 2.71:
∂F
∂M
= 2M
[
a0(T − TC) + 2bM2
]
= 0 (2.71)
where it is assumed that a(T ) = a0(TC − T ) for a a0 always positive. Solving equation 2.71
for M results in the two solutions3 of equation 2.72:
M = 0 ∨ M = ±
[
a0(TC − T )
2b
]1/2
. (2.72)
The second solution describes the spontaneous magnetization of a ferromagnet as a func-
tion of its temperature and only has real values for T ≤ TC. For T > TC the system is in its
paramagnetic state and is described by the trivial solution of (2.72), M = 0.
When b < 0, the second solution of (2.72) has imaginary values even for T < TC. This
3The two possible signs of the second solution correspond to the two equivalent and degenerate opposite
magnetizations
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problem is characteristic of a ﬁrst order phase transition and is solved considering the power
series at least till the sixth power.
2.6.3 Antiferromagnetism
Antiferromagnetism is a type of collective magnetic ordering with an exchange integral J <
0 leading to anti-parallelly aligned magnetic moments. Typical examples of antiferromagnets
are metal oxides such as NiO, MnO, Fe2O3, etc.
If all magnetic moments possess the same magnitude, then the magnetic moments cancel
out and the material net magnetization is zero, as represented in ﬁgure 2.9. However, if
the anti-parallel moments have diﬀerent magnitudes there will be an overall spontaneous
magnetization and we are in the presence of a ferrimagnetic material (fM) (ﬁgure 2.9).
To describe a simple AFMmaterial one can consider the superposition of two ferromagnetic
crystal lattices, A and B, whose molecular ﬁelds have opposite orientations, as shown in
equations 2.73 and 2.74:
~BAeff = λAA
~MA + λAB ~MB + ~B , (2.73)
~BBeff = λBB
~MB + λBA ~MA + ~B . (2.74)
In this physical model, suggested by Louis Néel, the magnetization is the sum of the two
lattices as shown in equation 2.75:
M = MsABJ (yA) +MsBBJ (yB) . (2.75)
When λAA = λBB = λ′, λAB = λBA = −λ and MsA = −MsB we have an AFM ordering with
M = 0.
The Curie-Weiss law can also be used to describe an AFM material. As a matter of fact,
it is possible to formulate the general Curie-Weiss law of equation 2.76:
χ =
C
T −Θp (2.76)
where Θp is the Weiss temperature and is Θp = 0 for a paramagnetic material, Θp = TC for
a ferromagnetic material, and Θp = −TN for an antiferromagnetic material, where TN is the
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Figure 2.10: Susceptibility curves for an AFM material. χp is the magnetic susceptibility of a
powder or a polycrystalline material where all crystallites are randomly dispersed.
Néel temperature and is described by equation 2.77:
TN =
C
2µ0
(
λ− λ′) (2.77)
Like the FM case, the Curie-Weiss law just describes the AFM behaviour properly till its
Néel temperature. For T < TN the magnetic susceptibility depends on the direction of the
external magnetic ﬁeld.
For a magnetic ﬁeld parallel to the magnetic moments, the magnetic susceptibility χ‖ → 0
the closer T → 0 K since for low magnetic the lowest the thermal energy the more antiparallel
will the magnetic moments be, while its maximum value is reached at T = TN . For a magnetic
ﬁeld perpendicular to the antiparallel magnetic moments there will be a small canting of the
magnetic moments resulting in a magnetic susceptibility of (2.78):
χ⊥ = − 1
λAB
, (2.78)
which is constant for all values of T < TN (ﬁgure 2.10). For the case of a powder, or a
polycrystalline sample, all the moments are randomly distributed, thus its magnetization will
be an average of the perpendicular and parallel susceptibilities (ﬁgure 2.10), as described by
equation 2.79:
χp =
1
3
χ‖ +
2
3
χ⊥ (2.79)
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2.6.4 Diamagnetism
Diamagnetism (DM) is a magnetic behaviour which in fact is not a type of ordering but is
ubiquitous in all materials. The diamagnetism, as its name suggests, is the ability of a given
material to counter/repel an external magnetic ﬁeld. This phenomenon can be classically
interpreted as a consequence of Faraday equation (2.15c) where there are orbital electron
currents which counter the external magnetic ﬁelds through Lenz law.
Despite this helpful interpretation, remembering the theorem of Bohr van Leeuwen, it
makes sense to be cautious and use a quantum approach to understand the source of such
behaviour. Considering the canonical generalized momentum (2.80):
~p = m~v + q ~A (2.80)
(2.81)
where ~A is the vector potential deﬁned as∇× ~A = ~B, it is possible to arrive to the Hamiltonian
of equation 2.82:
Hˆ = Hˆ0 + µBgJ Jˆ • ~B + e
2
8me
Z∑
i=1
(
~B × ~ri
)2
(2.82)
whose last term describes the diamagnetism of a given material [9].
Using ﬁrst order perturbation theory, it is possible to determine that the energy shift of
the perturbed state is given by equation 2.83:
∆E0 =
e2B
12me
Z∑
i=1
〈
0
∣∣r2i ∣∣ 0〉 . (2.83)
Given that the magnetization can be described as (2.84):
M = −∂F
∂B
= −N
V
∂∆E0
∂B
= −Ne
2B
6meV
Z∑
i=1
〈
r2i
〉
(2.84)
(2.85)
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and that χ ≈ µ0MB , we can deﬁne the diamagnetic susceptibility as (2.86) [9]:
χ = −N
V
e2µ0
6me
Z∑
i=1
〈
r2i
〉 ≈ −N
V
e2µ0
6me
Zeffr
2 (2.86)
where Zeff is the number of last shell electrons of the diamagnetic atom, and r is the diamag-
netic atom radius.
This property is always present in all materials, however, it is usually outshined by the
paramagnetism and/or by magnetic ordered phases, being noticeable most of the times for
materials with small (if any) magnetic moments. Inspecting (2.86) it is perceptible that the
diamagnetic susceptibility is always negative and is temperature independent. Temperature
changes can aﬀect somehow its susceptibly, however these additional eﬀects are usually negli-
gible [6].
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2.7 Ab initio calculations
To understand the microscopic mechanisms in atoms, molecules and crystals, a quantum
mechanics description is required. The ab initio (ﬁrst principles) approach is characterized by
the Schrödinger equation [13, 23, 24]:
Hˆ |Ψ(~r, t)〉 = i~ ∂
∂t
|Ψ(~r, t)〉 . (2.87)
Here I will consider its simpler form, the time independent Schrödinger equation:
Hˆ |Ψ(~r)〉 = E |Ψ(~r)〉 . (2.88)
To describe a given system comprised of N atoms we will need the Hamiltonian which
describes all the N nucleus and Ne =
N∑
i
Zi electrons of this system. In the absence of any
external ﬁeld, the exact Hamiltonian is given by equation 2.89 [13, 23, 24]:
Hˆ = −~
2
2
N∑
i=1
∇2
Mi
− ~
2
2
N∑
i=1
∇2
mi
+
e2
8πǫ0
N∑
i 6=j
ZiZj∣∣∣~Ri − ~Rj∣∣∣ −
e2
4πǫ0
N∑
i=1
Ne∑
j=1
Zi∣∣∣~Ri − ~rj∣∣∣+
+
e2
8πǫ0
N∑
i 6=j
1
|~ri − ~rj| = Tˆn + Tˆe + Vˆn,n + Vˆn,e + Vˆe,e , (2.89)
where Mi is the mass of the ith nucleus, mi is the mass of the ith electron, Zi is the atomic
number of the ith nucleus, Ri is the position of the ith nucleus and ri is the position of the
ith electron. The ﬁrst term Tˆn describes the kinetic energy of all nucleus, Tˆe the electrons
kinetic energy, Vˆn,n the Coulomb interactions between nucleus, Vˆn,e the Coulomb interactions
between nucleus and electrons, and Vˆe,e the Coulomb interactions between electrons [23, 24].
2.7.1 Born-Oppenheimer approximation
Apart from very speciﬁc cases, such as for the Hydrogen atom, there are no analytic
solutions to the Schrödinger equation with the Hamiltonian (2.89), hence approximations are
required [13].
Due to the much higher mass of any nucleus when compared to the mass of an electron, it
is reasonable to consider that in the time scale of the electrons dynamics the nucleus remain
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static. Doing this adiabatic approximation results in the vanishing of the Tˆn and in the
simpliﬁcation of the Vˆn,n term into a constant, while the Vˆn,n term can be approximated to
an ”external” electrostatic potential, Vˆext (which in a crystal lattice is also periodic). This
approximation is known as the Born-Oppenheimer approximation and greatly simpliﬁes the
(2.89) Hamiltonian into the Hamiltonian of equation 2.90 [6, 23–26]
HˆBO = Tˆe + Vˆe,e + Vˆext . (2.90)
2.7.2 The Hartree-Fock method
It is possible to deﬁne the wavefunction of a N particle system as the product of the
orthogonal particle wavefunctions Ψ(r1, r2, . . . , rN ) = χ1(r1)χ2(r2) . . . χN (rN ), also known
as a Hartree product. However for fermions, such as electrons, the wavefunction must be
antisymmetric (due to Pauli principle), which does not hold by itself for the previous product
[6, 23–26].
Let’s consider the simplest, two electrons, case. It is possible to deﬁne an antisymmet-
ric wavefunction as a linear combination of the Hartree products of the individual electron
wavefunctions (equation 2.91) [6, 23–26]:
Ψ(r1, r2) =
1√
2
{χ1(r1)χ2(r2)− χ1(r2)χ2(r1)} = 1√
2
∣∣∣∣∣∣
χ1(r1) χ2(r1)
χ1(r2) χ2(r2)
∣∣∣∣∣∣ (2.91)
which can also be written as a determinant. If we put the two electrons in the same orbit
χ1 = χ2 ⇒ Ψ(r1, r2) = 0 satisfying the Pauli principle.
The approach of equation 2.91 can be generalized to the N electrons case, writing its
wavefunction via the Slater determinant (name given to this type of determinants) of equation
2.92 [6, 23–26]:
Ψ(r1, r2, . . . , rN ) =
1√
N
∣∣∣∣∣∣∣∣∣∣∣∣
χ1(r1) χ2(r1) · · · χN (r1)
χ1(r2) χ2(r2) · · · χN (r2)
...
...
. . .
...
χ1(rN ) χ2(rN ) · · · χN (rN )
∣∣∣∣∣∣∣∣∣∣∣∣
(2.92)
The Hartree-Fock (HF) method uses this approach to determine Ψ(r1, r2, . . . , rN ) multi-
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electron wavefunction assuming that it can be approximated to a single Slater determinant.
It considers the Born-Oppenheimer Hamiltonian (2.90), but neglects its electron correlation
term, Vˆe,e. Then using a variational method, it is possible to obtain the linear combinations
of the set of functions φi (equation 2.93) [6, 23–27]:
χi =
K∑
k=1
αi,kφk , (2.93)
which deﬁne each spin orbital, χi, and whose coeﬃcients αk minimize the energy eigenvalue.
Besides not considering the electrons correlations, the HF method also has other severe
problem. For a 3-dimensional system of N atoms with Ne electrons each, which needs K
functions to deﬁne each spin orbital χi, we will be before a 3 × N × Ne × K dimensional
wavefunction. For example, considering a cluster of 100 U atoms and a K = 10 we will have a
282000-dimensional wavefunction which is quite heavy from a numerical/computational point
of view [25,27].
2.7.3 Density Functional Theory
One way to solve this dimensionality problem would be to use the electron density of
equation 2.94 [23, 25, 27]:
n(~r) = 2
Ntotal∑
i=1
ψ∗i (~r) · ψi(~r) , (2.94)
which only has 3 spatial coordinates, as a means of describing a Ntotal electron system, instead
of using the full wavefunction with its 3Ntotal spatial coordinates4. The factor 2 in (2.94) arises
due to the Pauli exclusion principle5 [23, 25, 27].
As a matter of fact, n(~r) can be used to describe the above mentioned systems, as stated
in Hohenberg-Kohn theorems [23, 25, 28].
Hohenberg-Kohn Theorem 1 The ground-state energy from Schrödinger’s equation is a
4For the previous example we are talking about 3Ntotal = 3Ne ·N = 28200 coordinates
5Here I use ψi to define the individual electron wavefunctions to differentiate from the individual electron
wavefunctions χi of the HF method, despite ψi ≡ χi.
35
Theoretical Background
unique functional of the electron density n(~r):
Ψ0(~r1, ~r2, . . . , ~rN ) = Ψ0[n(~r)]
The ﬁrst theorem implies that for an observable Oˆ, its expectation value is a functional of the
exact ground state electron density [23, 25, 28]:
〈Ψ| Oˆ |Ψ〉 = O[n(~r)] . (2.95)
If the observable of equation 2.95 is the Hamiltonian, then:
〈Ψ| Hˆ |Ψ〉 = E[n(~r)] . (2.96)
Hohenberg-Kohn Theorem 2 The electron density that minimizes the energy of the overall
functional is the true electron density corresponding to the full solution of the Schrödinger
equation.
This theorem implies that if the functional mentioned in the ﬁrst theorem is known, then it
is possible to determine the correct electron density by ﬁnding the n(~r) which minimizes the
ground state energy [23, 25, 28].
These theorems are the basis for the density functional theory (DFT), a popular ab initio
approach to solve complex quantum mechanical systems. Nonetheless, despite the promising
consequences of Hohenberg-Kohn theorems, they do not say how to determine the functional
mentioned by them! Nonetheless it is possible to divide the ground state energy functional,
E[Ψ0], in two diﬀerent functionals [23, 25, 27]:
E[Ψ0] = Eknown[Ψ0] +EXC[Ψ0] , (2.97)
the known functional Eknown[Ψ0] described by equation 2.98:
Eknown[Ψ0] =
~
m
Ntotal∑
i=1
ˆ
ψ∗i (~r)∇2ψi(~r)d3r+
+
ˆ
V (~r)n(~r)d3r +
e2
2
¨
n(~r) · n(~r′)
|~r − ~r′| d
3rd3r′ + Eion (2.98)
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where the ﬁrst term is the kinetic energy of the electrons, the second term the Coulomb
interaction between the ﬁxed nucleus and the electrons, the third term is the Coulomb in-
teraction between the electrons and the last term is the a constant related to the Coulomb
interactions between the nucleus. Any unknown part of the energy functional ﬁts inside the
exchange-correlation functional, EXC[Ψ0] [23, 25, 27].
Kohn and Sham proved that it was possible to ﬁnd the correct energy density by solving
a set of equations, the Kohn-Sham equations, one for each electron [23–26, 29, 30]. A single
Kohn-Sham equation is given by:
[
~
2m
∇2 + V (~r) + VH(~r) + VXC(~r)
]
ψi(~r) = εiψi(~r) , (2.99)
where VH is the Hartree potential given by:
VH(~r) = e
2
ˆ
n(~r′)
|r − r′|d
3r′ (2.100)
and describes the Coulomb repulsion between the electron of ψi and the total electron density
of (2.94). VXC(~r) deﬁnes the exchange and correlation contributions of the electrons, as well
other possible corrections, and is described by [23–26,29, 30]:
VXC(~r) =
δEXC[Ψ0]
δn(~r)
. (2.101)
To solve this set of equations, they must be solved in an iterative self-consistent way,
following the steps [23–26,29, 30]:
1. Initially, an electron density n(~r) should be guessed.
2. Solve the Kohn-Sham equations to ﬁnd each ψi wavefunction.
3. Calculate a new electron density, nKS(~r), using the wavefunctions ψi obtained in step 2
and substituting them in equation 2.94.
4. Compare the new nKS(~r) with the guessed n(~r).
• If they are the same (within a pre-set tolerance value), then this electron density
corresponds to the ground state of the system. End of the iteration cycle.
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• If they are diﬀerent the guessed electron density should be changed (using some
kind of criteria) and then repeat this iteration cycle from step 2.
2.7.4 The Exchange-Correlation Functional
It is easy to understand that the success of DFT depends strongly on the adequacy of the
used energy functional E[Ψ0]. Equation 2.97 shows that part of this functional is well deﬁned
by (2.98), so in the end it all comes to the accurate description of the exchange-correlation
functional EXC[Ψ0] [23, 25, 27, 29].
Here I will talk about the two most well known and widely used exchange-correlation func-
tionals, the local density approximation (LDA) and the generalized gradient approximation
(GGA).
Local Density Approximation
The LDA exchange-correlations functional is described by equation 2.102 [23, 25, 27, 29]:
ELDAXC =
ˆ
ǫ(n(~r)) · n(~r)d3~r (2.102)
and assumes that the exchange-correlation energy, ǫxc(n(~r)) is a function of the n(~r) for
a homogeneous electron gas. For convenience it is possible to separate the exchange and
correlation parts from the exchange-correlation energy, ǫxc(n(~r)) = ǫx(n(~r))+ ǫc(n(~r)) [23,25,
27, 29].
For spin polarized calculations the LDA functional turns into the local spin-density ap-
proximation (LSDA) and equation 2.102 is corrected to equation 2.103 [23, 25, 27, 29]:
ELSDAXC =
ˆ
ǫ(n↑(~r), n↓(~r)) · (n↑(~r) + n↓(~r))d3~r (2.103)
where n↑(~r) and n↓(~r) are the up and down spin density respectively.
Despite its simplicity, the LDA functional describes successfully several atomic systems, as
long as their electrons are not heavily correlated. In fact, LDA often gives ionizations energies
with an accuracy of about 10− 20% and bond lengths with accuracies of ∼ 1% [27].
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Generalized Gradient Approximation
Another quite well known functional class is the generalized gradient approximation. The
functionals based in this approximation try to improve the LSDA quality taking into account
not only the local spin density but also the local gradients in electron/spin density. Equation
2.104 shows how this implementation is done [23, 25, 29]:
EGGAXC =
ˆ
ǫ(n↑(~r), n↓(~r),∇↑(~r),∇↓(~r)) · (n↑(~r) + n↓(~r))d3~r (2.104)
Since there are several possible exchange-correlation energy functions for the conditions
presented in equation 2.104, there are several GGA functional, such as the Perdew-Wang
functional (PW91) and the Perdew-Burke-Ernzerhof functional (PBE) [31,32].
2.8 Hyperfine Interactions
Till now, all the physical phenomena approached in this chapter involved mostly electric or
magnetic interactions of a given external ﬁeld with the electrons of an atom. In this framework
we know that, for example, for electronic transitions we are dealing with energies in the order
of the eV, while typical energy splitting of degenerate levels due to spin-orbit eﬀects are in the
order of meV. Transitions involving the latter have quite small energies when compared with
typical electronic transitions and for this reason were historically called as the ﬁne structure
of atomic spectra.
Let’s now consider eﬀects involving the nucleus of an atom. While the nuclear transitions
are of the order of keV or even MeV depending on the considered isotopes, the interactions
between the degenerate nuclear levels are much smaller than the ﬁne structure levels. In fact,
transitions involving the nuclear quadrupole interactions with an electric ﬁeld gradient (EFG)
and/or the nuclear magnetic dipole interactions with a hyperﬁne magnetic ﬁeld (HMF) are in
the order of µeV, hence being called hyperﬁne interactions [33, 34].
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2.8.1 Hyperfine Magnetic Field
Similarly to equation 2.26, the magnetic moment of a nucleus with a total angular mo-
mentum I can be given by equation 2.105 [33]:
~m = ~µ = γ~I = gIµN ~I , (2.105)
where µN = e~2mp is the nuclear magneton and mp is the proton mass.
It is possible to see that apart from some constants, we have an identical situation to the
magnetic dipole moment of the overall angular moment of the electrons, J . For this reason, by
simply replacing the adequate constants and operators in equation 2.27, we obtain equation
2.106 [33]:
Emag = −gIµB
(
Iˆ
~
 ~B
)
= −gI µBmIB . (2.106)
This energy is actually quite useful for the local study of materials since the magnetic
ﬁeld of equation 2.106 can be induced by a hyperﬁne magnetic ﬁeld, Bhmf which can result
from the electrons magnetic moment and/or from the in situ magnetization. This approach
allows for example to study the Bhmf of a given site of an AFM material which has an null
net magnetization [33, 34].
2.8.2 Electric Field Gradient
For two independent arbitrary charge distributions (ﬁgure 2.11), the energy from their
electrostatic potential interactions can be calculated as the interaction between the inner
charge distribution (red charge distribution of ﬁgure 2.11) and the electrostatic potential
created by the outer charge distribution (blue charge distribution of ﬁgure 2.11, as shown in
equation 2.107 [35–37]:
Eelec =
ˆ
ρ(~rin)Φ(~rout)d~rin . (2.107)
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The electric potential, Φ(~rout), is described by :
Φ(~rout) =
1
4πǫ0
ˆ
ρout(~rout)
|~rout − ~rin|d~rout , (2.108)
thus equation 2.107 can be explicitly described by equation 2.109:
Eelec =
1
4πǫ0
¨
ρin(~rin)
ρout(~rout)
|~rout − ~rin|d~routd~rin =
1
4πǫ0
¨
ρ(~r)ρ(~R)
|~R− ~r|
d~Rd~r (2.109)
where ~rin = r is the position vector of the inner charge distribution, ρin(~rin) = ρ(~r) its charge
density for a given point, ~rout = R is the position vector of the outer charge distribution, and
ρout(~rin) = ρ(~R) its charge density for a given point.
Figure 2.11: Scheme of two independent charge distributions. The inner red charge distribu-
tion can be though as the nucleus of an atom and outer blue charge distribution its electrons.
The 1|R−r| term of equation 2.109 can be expanded by equation 2.110 [35–37]:
1
|R − r| = 4π
∑
l,m
rl
Rl+1
1
2l + 1
Y lm(θR, φR)Y
l
m(θr, φr) . (2.110)
where Y lm are the spherical harmonics. If r is always < R, then we can separate all terms
which involve r from the terms which involve R, thus obtaining the multipole expansion of
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equation 2.111 [35–37]:
Eelec =
∑
l,m
QlmV
l
m = E
(0) +E(1) + E(2) . . . (2.111)
where Qlm and V
l
m are deﬁned by equations 2.112 and 2.113 respectively.
Qlm =
√
4π
2l + 1
ˆ
ρ(~r)rlY lm(θr, φr)d~r (2.112)
V lm = −
1
4πǫ0
√
4π
2l + 1
ˆ
ρ(~R)
rl+1
Y lm(θR, φR)d
~R (2.113)
Let’s consider that the two charge distributions are from an atom nucleus and its surround-
ing electrons. The terms of order zero (E(0)) are the nucleus charge (2.114) and the monopole
potential of the electrons charge (2.115), which are used in the Coulomb interactions of point
charges [35–37].
Q00 = q =
ˆ
ρ(~r)d3r = Ze (2.114)
V 00 = −
1
4πǫ0
ˆ
ρ(~R)
R
d3 ~R (2.115)
The electric dipole moment (2.116) and dipole potential (2.117) are vectors and correspond
to the ﬁrst-order terms of the multipole expansion (E(1)).
Q1m = pi =
ˆ
xiρ(~r)d
3r (2.116)
V 1m = −
1
4πǫ0
√
4π
3
ˆ
ρ(~R)
R2
Y 1m(θR, φR)d
3 ~R (2.117)
Finally, the second-order terms (from E(2)) are tensors corresponding to the electric
quadrupole moment (2.118) and the electric ﬁeld gradient of the electrons potential felt at
the nucleus (2.119) [35–37].
Q2m = Qij =
1
e
ˆ
ρ(~r)(3xixj − r2δij)d3r (2.118)
V 2m = Vij = −
1
4πǫ0
√
4π
5
ˆ
ρ(~R)
R3
Y 2m(θR, φR)d
3 ~R =
∂Φ
∂xixj
(2.119)
The energy terms related to the hyperﬁne interactions are the E(0) and E(2) terms. The
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monopole terms result in isotope and/or isomer shifts present in nuclear techniques such as
Mössbauer spectroscopy. The electric quadrupole moment characterizes the shape distribution
of the nucleus charge density, while the EFG characterizes the electrons charge density. For a
free ion/atom its EFG will be null, due to the spherical symmetry of its electrons. However,
for an atom under an electrostatic ﬁeld, such as in the case of an atom under a crystal ﬁeld,
the EFG might have non-zero values, therefore, this physical quantity is a good one to study
the chemical environment of a given atom.
Assuming that there are no electrons in the nucleus, the EFG tensor is a symmetric tensor,
thus diagonalizable, and traceless. For these reasons it can be completely described just by
using one of its diagonal matrix components (Vzz) and an asymmetry parameter, η, deﬁned
by equation 2.120 [33]:
η =
Vxx − Vyy
Vzz
: |Vzz| ≥ |Vyy| ≥ |Vxx| . (2.120)
Now, the quadrupole energy of an atom is usually deﬁned by equation 2.121 [33]:
EQ =
e
6
∑
i,j
Qij.Vij , (2.121)
which can also be written using the Vzz and η parameters, as shown in equation 2.122:
EQ =
eVzz
12
· (3Qzz + η(Qxx −Qyy)) . (2.122)
For a nucleus with a total angular momentum Iˆ, the quadrupole interaction Hamiltonian
is given [33]:
HˆQ = ωQ~(3Iˆ
2
z − Iˆz(Iˆz + 1) + η(Iˆ2x − Iˆ2y ) , (2.123)
where ωQ is the quadrupole frequency and is deﬁned by equation 2.124 [33]:
ωQ =
eQVzz
4I(2I − 1)~ (2.124)
The Hamiltonian (2.123) cannot be solved analytically for the general case of quadrupole
and magnetic interactions, being necessary a numerical approach to solve it. Nonetheless, for
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η = 0 we arrive to the special case where the quadrupole energy is given by equation 2.125 [33]:
EQ = ~ωQ(3m
2
I − I(I + 1)). (2.125)
The energy of a transition between the state |I,mI〉 and |I,m′I〉 is given by [33]:
∆EQ = 3~ωQ(mI
2 −m′I2) (2.126)
which results in a multiple of the fundamental transition frequency, ω0 which can have the
following values: ω0 = 6ωQ for a half integer value of I and ω0 = 3ωQ for a integer value of I.
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State of the Art
3.1 Multiferroic Materials
The preﬁx ’ferro’ has its origin from the Latin word ferrum (iron), an archetype of ferro-
magnetism. Ferromagnetic materials are ordered magnetic phases with spontaneous magne-
tization (below its Curie Temperature) which possesses a hysteretic behaviour of the magne-
tization varying an applied magnetic ﬁeld. All ferroic materials have a hysteresis loop and a
critical temperature, TC, which separates the ordered phase from the disordered one. Ferro-
magnetism hysteresis, as mentioned above, consists in the relation between the magnetization
and a magnetic ﬁeld [10]; for ferroelectricity the relation is between the polarization and an
electric ﬁeld; for ferroelasticity the relation is between the strain and a stress ﬁeld [38]; and
for ferrotoroidicity the relation between the toroidal moment and the spin arrangement [39].
A Multiferroic (MF) material, in the essence of the word, is a kind of material which
possesses two or more ferroic properties which are coupled between them (ﬁgure 3.1). Let’s
imagine, for example, a material with a coupling between ferromagnetism and ferroelectricity,
in this case it would be possible to control the polarization of this material using a magnetic
ﬁeld or its magnetization using an electric ﬁeld. A material with such kind of coupling is
called a magnetoelectric material (ME) – kind of coupling which will be the main subject of
study of my PhD thesis. However, ﬁnding materials that bear at least two coupled ferroic
properties is not an easy task. Therefore, the concept of multiferroic started to spread to a
less demanding and more embracing group of materials (or composites) which have a coupling
between magnetic, electric or elastic properties.
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Figure 3.1: All the diﬀerent ferroic coupling possibilities and their respective mediator ﬁelds.
”O” represents other possible couplings. From [40].
We can divide multiferroic materials into two classes of multiferroics: intrinsic multiferroics
and extrinsic multiferroics.
Intrinsic multiferroics have simultaneously two or more properties coupled in a single phase
(BiFeO3 and YMnO3 are examples of intrinsic multiferroics which couple ferroelectric and
ferromagnetic properties in the same phase).
On the other hand, extrinsic multiferroics consist of two or more phases, each one having
their own properties, working together like a composite that somehow is able to couple their
properties.
One common extrinsic mechanism is the change of an ordered property resorting to a
lattice modiﬁcations, like in strain induced ferroelectricity. In this case, let’s consider a het-
erostructure composed by a magnetostrictive and a piezoelectric material. The magnetostric-
tive material suﬀers a deformation when a magnetic ﬁeld is applied, which can induce a strain
in the piezoelectric material which will ﬁnally induce a polarization and vice versa. This is
an example of an indirect multiferroic coupling (extrinsic coupling) through magnetostriction
1 and piezoelectricity 2 but can also have other types of couplings like piezomagnetism 3 and
1Magnetostriction – coupling between strain and a quadratic function of the applied magnetic field
2Piezoelectricity – coupling with linear relation between strain and electric field or a linear relation
between polarization and applied stress
3Piezomagnetism – coupling with linear relation between strain and magnetic field or a linear relation
between magnetization and applied stress
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electrostriction 4 [41].
This thesis will focus mainly in magnetoelectric multiferroics which are by far the most
studied multiferroics nowadays, mainly due to their very appealing applications.
3.2 The Magnetoelectric effect
The magnetoelectric eﬀect describes the coupling between the electrical and magnetic
properties of a given material. Figure 3.2 shows the possible material classiﬁcation according
to their magnetic and electric properties.
Figure 3.2: Materials classiﬁcation according to their electric and magnetic properties. Ac-
cording to the purest concept of multiferroic, only a very small portion of materials would be
considered multiferroic. From [42].
To describe the coupling in intrinsic magnetoelectric materials, it is possible to use the
Helmholtz free energy as in equation 3.1 [43]:
dF = −SdT − ~P  d~E0 − ~M  d ~B0 , (3.1)
where F is the Helmholtz free energy thermodynamic function, S is the entropy, T is the
temperature, ~P is the polarization, ~M is the magnetization, ~E0 is the applied electric ﬁeld,
and ~B0 is the magnetic ﬂux density.
4Electrostriction – coupling between strain and a quadratic function of the applied electric field
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Considering a constant temperature scenario, according to Landau [44] we can expand the
free energy F as a power series [43]:
− F
(
~E0, ~B0
)
= ~Ps  ~E0 + ~Ms  ~B0+
+
ǫ0
2
∑
i,j
χeijE0iE0j +
1
2µ0
∑
i,j
χmijB0iB0j +
1
µ0
∑
i,j
αijE0iB0j + · · · (3.2)
where ~Ps is the spontaneous polarization, ~Ms is the spontaneous magnetization, χˆe and χˆm are
the electric and magnetic susceptibility tensors respectively, and αˆ is the linear magnetoelectric
coupling tensor. Usually for the description of the ME eﬀect we restrict the expansion the
expansion till the coupling terms (second order terms).
Starting from (3.1) and (3.2) it is possible to determine the Polarization and Magnetization
expressions [43]:
Pi = −
(
∂F
∂E0i
)
B0
= Psi + ǫ0
∑
j
χeijE0j +
1
µ0
∑
j
αijB0j + · · · (3.3)
Mi = −
(
∂F
∂B0i
)
E0
= Msi +
1
µ0
∑
j
χmijB0j +
1
µ0
∑
j
αijE0j + · · · (3.4)
In both equations a cross coupling between electric and magnetic features appeares: the
polarization is inﬂuenced by a magnetic ﬁeld or the electric ﬁeld aﬀects the magnetization.
Both cross terms are weighted by the magnetoelectric coupling tensor. So for a linear magne-
toelectric coupling we have [43]:
αij =
(
∂Pi
∂B0j
)
E0=B0=0
= µ0
(
∂Mi
∂E0j
)
B0=E0=0
. (3.5)
Moreover, according to conventional theory, Brown et al. demonstrated that the following
inequality must be satisﬁed [45]:
αij ≤
√
ǫ0µ0χeiiχ
m
jj . (3.6)
The inspection of equation 3.6 suggests that a logical way to search for multiferroic mate-
rials with a high ME coupling consists in the search or tailoring of materials with the highest
possible magnetic and electric susceptibilities.
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On the other hand, extrinsic magnetoelectric materials were ﬁrst proposed in 1972 by
Van Suchtelen [46]. He suggested that the indirect MEH eﬀect (P = αH) or the MEE eﬀect
(M = αE) of a two phase composite could be described by equations 3.7a and 3.7b respectively.
MEH eﬀect =
magnetic
mechanical
× mechanical
electric
(3.7a)
MEE eﬀect =
electric
mechanical
× mechanical
magnetic
(3.7b)
This coupling can be more accurately described taking into account equations 3.8 [47]:
∂S
∂H
= ξm (3.8a)
∂P
∂S
= ξe , (3.8b)
where S is the strain, H is the magnetic ﬁeld, P is the polarization, and ξm and ξe are the
piezomagnetic and piezoelectric coeﬃcients respectively. Crossing equations 3.8a and 3.8b,
and adding a coupling factor kc (0 ≤ |kc| ≤ 1), which determines the coupling between the
two diﬀerent phases of the composite, equation 3.9 is obtained:
∂P
∂H
= kcξmξe = α . (3.9)
Therefore, two diﬀerent phases/materials, individually magnetic and ferroelectric, acquire
a new property, magnetoelectricity, mediated by the magnetoelectric coupling coeﬃcient α.
3.3 An historical retrospective of Magnetoelectric materials
The concept of a magnetoelectric material – a material whose magnetization could be
induced by an electric ﬁeld or/and whose polarization could be induced by a magnetic ﬁeld
– was ﬁrst suggested in 1894, by Pierre Curie, using lattice symmetry arguments [48]. Curie
suggested that similarly to the free space electromagnetism, magnetization and polarization
could also be correlated/coupled in crystals [48]. As a matter of fact, Röntgen had already
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discovered in 1888 that a moving dielectric would became magnetized when placed in an
electric ﬁeld [49]. Nevertheless, the term magnetoelectric coupling just emerged in 1926, in a
paper from Debye [50].
In 1959, Dzyaloshinskii made the ﬁrst theoretical prediction of a magnetoelectric eﬀect,
in the antiferromagnetic Cr2O3 [51], which was experimentally demonstrated in 1960 [52].
Additionally, in 1972, van Suchtelen proposed the existence of magnetoelectric heterostructures
through the product property of a two-phase composite due to an elastic coupling (equations
3.7a–3.9) [46].
The magnetoelectric eﬀect got plenty of attention from the scientiﬁc community, leading
to the discovery of several magnetoelectric materials such as Ti2O3 [53], GaFeO3 [54], boracite
and phosphate compounds [55,56], solid solutions like PbFe0.5Nb0.5O3 [57], garnet ﬁlms [58,59],
etc.
However, after this initial enthusiasm about the magnetoelectric eﬀect, the topic experi-
enced a loss of interest from the scientiﬁc community. This was due to the rare and weak
magnetoelectric couplings found at the time, and because there was still a lack of under-
standing on a microscopic level. In fact, it was believed that it would be extremely diﬃcult
to induce a magnetoelectric eﬀect using an electric ﬁeld in metals due to their short screen-
ing length [60, 61]. Moreover, the modern theory of polarization was not developed till the
90’s [62, 63].
In 2000, the magnetic Curie temperature of the magnetic semiconductor (In,Mn)As was
controlled electrically [64]. In the same year, Spaldin (Hill at the time) wrote a paper which
exposed the reasons why the magnetic and electric properties were apparently incompati-
ble [65], clarifying the challenges to overcome in the discovering/tailoring of magnetoelectric
materials (or multiferroic materials, as referred by Schmid 1994 [66]).
Finally, in 2003, it was discovered that BiFeO3 had a very large magnetoelectric coupling
while having a large spontaneous polarization at room temperature [67]. The only problem
resided in its weak ferromagnetism nature. Yet, this discovery was a milestone in magneto-
electric multiferroics research, giving birth to potential room temperature applications, hence
reinvigorating the ﬁeld.
Later, in the same year, a second disruptive material, TbMnO3, was discovered. Despite
its poor ferroelectricity (1/1000 of BiFeO3 polarization), this material showed a completely
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new magnetoelectric mechanism. In fact, TbMnO3 polarization is induced by its magnetic
behaviour, and has a strong magnetoelectric coupling, being able to completely ﬂip its polar-
ization when exposed to a magnetic ﬁeld of a few Tesla [68].
Parallelly, magnetoelectric multiferroic heterostructures were also showing huge develop-
ments. In 2001, it was predicted that laminate composites of Terfenol-D/P(VDFTrFE) or
Terfenol-D/PZT would exhibit giant magnetoelectric couplings. Such predictions were vali-
dated by experimental conﬁrmation on the same year [69, 70].
In the following years, novel couplings were discovered. Nowadays, the magnetoelectric
eﬀect is referred not only to the change of polarization (magnetization) with a magnetic (elec-
tric) ﬁeld, but also to changes in properties related to the magnetic and/or electric behaviours,
namely: anisotropy, Curie Temperatures, exchange bias, and others [71–80].
While intrinsic ME materials are still widely searched for, the best proven results are
coming from magnetoelectric heterostructures. These heterostructures show much higher
magnetoelectric couplings and are more easily tuned than their intrinsic counterpart, which
tend to present low operating temperatures and/or poor magnetization and/or polariza-
tion [71–73,81, 82]. LSMO/BTO, Fe3O4/PMN-PT, CoFeB/PMN-PT, CFO-PZT FeRh/BTO
are good examples of heterostructures which present good magnetic and electric properties
along with high magnetoelectric couplings near room-temperature [83–87].
The composite approach also originates novel magnetoelectric couplings, due to interface
eﬀects, such as: chemical hybridization, charge and ion migration, changes in the local chemical
environment and switching between antiferromagnetic and ferromagnetic states [73,78,80,87].
The advent of the 2000’s discoveries/approaches and the unpredictable emergence of fur-
ther novel mechanisms make magnetoelectric multiferroics a very appealing ﬁeld of research,
being one of the hot topics of modern physics and materials science.
3.4 Multiferroics and Magnetoelectrics Popularity
Figures 3.3–3.6 are a good way to see the growing interest on multiferroic and magne-
toelectric materials. The number of publications, as well as the number of citations of the
”multiferroic” and ”magnetolectric” topics show an exponential like curve.
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fromWeb of Science [88]. The inset shows the
results for the last 18 years
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Such an intense investigation incites the industry interest in this kind of materials. In
fact, after a worldwide search for patents with the keyword ”multiferroic” we can obtain 181
patents already registered5, whose time distribution is given by ﬁgure 3.7.
5A search using word ”magnetoelectric” was also made, having thousands of results. However, after a careful
investigation, it was possible to see that this word was used in many magnetic and electric devices, even if
they were not coupled.
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Figure 3.7: Number of ”Multiferroic” based patents emitted through the years. Searched at
Espacenet [89].
3.5 Magnetoelectric Multiferroic Materials
Magnetoelectric multiferroic materials are materials with both spontaneous polarization
(ferroelectric) and spontaneous magnetization (either by ferromagnetism, ferrimagnetism or
weak ferromagnetism). This requirement is a priori very demanding, since from a symmetry
point of view, from the 122 Shubnikov-Heesch point groups, among the 31 that show sponta-
neous magnetization and the 31 that show spontaneous polarization, only 13 groups present
both properties [90].
According to the mechanism behind the magnetoelectric coupling we can categorize the
multiferroic magnetoelectric materials into two major types: type I multiferroics and type
II multiferroics.
Type I multiferroics, the more abundant and the ﬁrst type to be discovered/studied, are
multiferroics with diﬀerent sources for the magnetic and electric order. They are usually very
good ferroelectric materials and are the more conventional multiferroics. Some of these type of
materials have both magnetic and ferroelectric Curie temperatures above room temperature,
but, unfortunately tend to have a weak magnetoelectric couplings. Type II are materials
whose polarization has its origin through magnetic related mechanisms, which leads usually
to stronger magnetoelectric couplings.
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3.5.1 Type I multiferroics
In the text below, some type I multiferroics are reviewed according to their ferroelectricity
origin.
Multiferroic Perovskites
Perovskites – A2+B4+X2−3 – are some of the most well-known ferroelectrics like BaTiO3
and Pb(ZrTi)O3, thus being good candidates to tailor magnetoelectric materials. However,
whereas magnetic materials need semi-ﬁlled dn (or fn) orbitals, ferroelectric perovskites need
that the transition metal has empty d0 orbitals [65]. Proper ferroelectrics usually need these
empty d0 orbitals because they will be used to establish strong covalency with the surrounding
anions.
For instance, in the case of BaTiO3 the empty d0 Ti orbitals tend to bond strongly with
3 oxygens of the O6 octahedra due to a hopping between the O p orbitals. This bonding
shifts the centre of the O6 octahedra towards 1 (or 3) oxygen(s) weakening the bonds with
the other 3 oxygens, and culminating in the creation of a dipole moment. This dipole moment
will promote the same mechanism in neighbouring unit cells, thus propagating the creation of
other electric dipoles in a preferential direction and resulting in a net polarization [65,91–93].
Figure 3.8: Schematic representation of a multiferroic perovskite. Green circles represent the
d0 ions, yellow diamonds represent O6 octahedra, whereas the green and red arrows represent
the electric and magnetic dipole moments respectively. From [91].
Since the semi-ﬁlled dn tend to destroy the oﬀ-centre responsible for the creation of the
electric dipole moment, a way to have a multiferroic perovskite is to have a heterogeneous
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mixture of ferroelectric and magnetic unit cells, with d0 valence B cations and dn valence
B’ cations respectively, such as in PbFe3+1/2Nb
5+
1/2O3 and PbFe
3+
2/3W
6+
1/3O3(ﬁgure 3.8). This
approach would guarantee a macroscopic magnetoelectricity with possibly strong magnetic
and ferroelectric nature, nevertheless such arrangement’s coupling is expected to be tenuous
[91–93].
Lone Pairs based Ferroelectricity
Notwithstanding, there are some materials which apparently violate the d0 requirement to
ferroelectricity like BiMnO3 and BiFeO3. These materials are intrinsic type I magnetoelectric
multiferroics but possess magnetic transition metal ions – Mn3+ (d4) and Fe3+ (d5) – in the
perovskite B site [91, 92, 94].
Figure 3.9: Polarization due to lone pairs (represented by the yellow lobe). The green arrow
represents the electric dipole moment. From [91].
Yet, these perovskites are not exception for the necessary but not suﬃcient ”d0 orbitals
rule”. Their ferroelectric character’s origin is related not with the B site cations but with the
A site cations, Bi3+ and Pb2+, which have lone pairs electrons.
These lone pairs do not engage in any bonds and so they are highly polarizable and end
up creating local electric dipoles, which will order ferroelectrically as we can observe in ﬁgure
3.9 [91–93].
Improper Geometric Ferroelectricity
Another exception of the d0 rule is the ferroelectricity behind the hexagonal manganites
RMnO3 (R= small rare earths like Y). Despite the ABO3 formula, the Mn3+ are not located
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in a O6 octahedra, but in the centre of a O5 trigonal biprism [91–93].
Figure 3.10: Representation of the geometric mechanism behind the ferroelectricity of YMnO3.
From [92].
The polarization does not come from the oﬀ-centre of the Mn3+ (its shift is too small to
provide the ferroelectricity). For the YMnO3 speciﬁc case, the MnO5 block tilts to provide
a closer packing of the unit cell, moving the oxygen anions close to the Y ions. Once there
are two ”up” electric dipole per ”down” dipole, a macroscopic polarization can be measured
(ﬁgure 3.10) [91–94].
This way we can say we are before an improper ferroelectric since the ﬁrst order parameter
is not the polarization but the rotation of the YMnO3 (geometric cause), and the polarization
only appears as a collateral eﬀect [95].
Charge Ordering Ferroelectricity
Other source of ferroelectricity has to do with the charge ordering of a given material. To
have a better understanding about the general charge ordering mechanism let’s look at ﬁgure
3.11.
In ﬁgure 3.11a it is possible to observe a neutral chain which has inversion symmetry
wherever we put mirror planes [96].
In ﬁgure 3.11b we have site centred charge order, however this charge order only exists
locally, if we use a mirror plane – either using a negative site (red plane) or a positive site
(blue plane) – it is possible to see that both sides of the plane are equivalent, meaning that
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Figure 3.11: Scheme of one dimension charge order systems. a) Neutral chain. b) Site centred
ordering. c) Bond centred ordering. d) Combination of site and bond centred ordering.
Red and blue dash lines represent mirror planes crossing two diﬀerent positions of the chain,
dividing the system in two diﬀerent regions. Adapted from [96].
this arrangement preserves the inversion symmetry and, therefore, lacks a net polarization.
Figure 3.11c shows another type of charge ordering, the bond centred charge order, where
a stronger or a weaker bond present diﬀerent charge densities. Once again, for this type of
charge order, there is not a net polarization, since if we put a mirror plane in the centre of
any kind of bond we can see that the inversion symmetry remains unbroken [91–94,96].
Finally in ﬁgure 3.11d it is possible to see a combination of site and bond centred ordering.
Here the inversion symmetry is broken, as perceptible by inspection of the regions divided by
the mirror planes of 3.11d, thus having a net polarization.
The charge order ferroelectricity itself can manifest in many ways and understanding the
charge order pattern is not always simple. For example, the well-known magnetite (Fe3O4)
is ferroelectric below its Verwey temperature, TV = 120K, due to the appearance of charge
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order. However its pattern is still unknown in the present day [91, 92, 96].
Taking this in consideration, we can say that Fe3O4, besides being the ﬁrst discovered
magnetic material was also the ﬁrst magnetoelectric multiferroic [1].
LuFe2O4 is also a multiferroic whose ferroelectricity originates from a charge order eﬀect.
This material has a triangular disposition of Fe2+ and Fe3+ ions, and due to charge frustration,
the ﬁrst layer has a ratio of Fe2+/Fe3+ of 1:2 and the second layer a ratio of 2:1. This diﬀerent
ratios of Fe2+ and Fe3+ ions between adjacent layers leads to a net polarization as we can see
in ﬁgure 3.12 [91–94,96].
Figure 3.12: Representation of a Bilayer of the FeO2 triangular lattices in LuFe2O4. From [96].
3.5.2 Type II multiferroics
Magnetostrictive ferroelectricity
A type II multiferroic is illustrated in ﬁgure 3.13, where there is a magnetostrictive source
of ferroelectricity. In this case, a material which possesses two magnetic ions with inequivalent
charges can bond due to their exchange interaction, shortening the distance between both ions
and breaking the inversion symmetry (ﬁgure 3.13b). This mechamism results on a situation
equivalent to the charge ordering present in ﬁgure 3.11d [96, 97].
One good example of this magnetostrictive ferroelectricity is Ca3CoMnO6, where the Co2+
and the Mn4+ alternate as shown in ﬁgure 3.13a, and below TN = 16K they order magnetically
between them, similarly to what we can see in 3.13b, creating a macroscopic polarization
[96, 97].
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Figure 3.13: Intrinsic magnetostrictive ferroelectricity. a) chain of electrically inequivalent
magnetic ions is equally separated. b) at a magnetic ordering temperature magnetic ions tend
to bond due to their exchange interaction. Adapted from [96].
Inverse Dzyaloshinskii-Moriya effect
Nevertheless, the most prominent type II multiferroics are the ones associated with an
inverse Dzyaloshinskii-Moriya eﬀect [97–99].
Figure 3.14: Some spin arrangements and consequent polarization. Only the cycloidal spin
canting results in a non-zero polarization. Adapted from [99].
This kind of multiferroic is based in the fact that a polarization can induce certain spin
arrangements as it can be veriﬁed through inspection of equation 3.10 [99]:
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~P ∝ γ ~eij ×
(
~Si × ~Sj
)
(3.10)
where γ is a constant proportional to the spin-orbit and superexchange coupling interaction,
and ~eij is the vector which connects the ~Si and ~Sj spins [99].
As we can see in ﬁgure 3.14a and 3.14b the materials do not show any net polarization
since for 3.14a the spin rotation vector is null and for 3.14b, despite having a non-zero rotation
vector, it is parallel to the spin propagation vector. Whereas for 3.14c both spin propagation
and rotation vectors are ﬁnite, resulting in a net polarization.
This kind of multiferroicity had a huge potential since the magnetoelectric eﬀect occurs as
a direct consequence of a magnetic arrangement, thus having a high magnetoelectric. However
it usually has a ﬂaw that has to do with the nominal magnetization and/or polarization, that
is not obligatorily high, and not with the coupling itself [91, 93, 97–99]. Examples of inverse
Dzyaloshinskii-Moriya eﬀect induced polarization type II multiferroics are TbMnO3, Ni3V2O8
and MnWO4 [96, 99].
3.6 Magnetoelectric Multiferroic Applications
The research on materials gets a boost whenever an application is proposed. Multiferroic
magnetoelectric materials, in particular, have very appealing potential applications, such as:
energy harvesting [100], tunable inductors [101], gyrators and transformers [102,103], electric
and magnetic ﬁeld tunable micro(milli)meter wave devices [104,105], miniature antennas [106],
magnetic-ﬁeld sensors [107–109], and multiferroic memories [110–113].
Here I will brieﬂy mention some of the applications that are proposed.
3.6.1 Magnetic Sensors
Magnetic multiferroic sensors are one of the most captivating applications regarding the
magnetoelectric eﬀect. Its explanation is quite forward, the possibility to know a magnetic
ﬁeld by measuring the polarization of the multiferroic material [93, 114,115].
So, for a material with a gigantic magnetoelectric coupling, we could develop a fairly simple
and sensitive magnetic sensor. Such simple mechanism would be much more practical and
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cheaper than a SQUID [107–109,114], and could serve purposes like magnetoencephalography
and magnetocardiography [114].
This kind of sensors have also the potential of being miniaturized by photolithography
processing, enabling their use as a local probe magnetic microscopy to directly sense the
magnetic ﬁeld of a given place by measuring an induced voltage instead of using the force
induced in a magnetic tip [114,116].
3.6.2 Energy Harvester and Conversion Devices
Ubiquitous power sources like heat, vibrations, human related motion, acoustic noise and
the electromagnetic wireless communications energy can be harvested by many kinds of ma-
terials.
Typically, we can think about thermoelectric and piezoelectric materials as good harvester
candidates. Magnetoelectric materials can be proposed as energy harvesters as well, which
could for instance collect the mechanical power sources by magnetostriction, which would then
be converted into electric power using its magnetoelectric character [100,115].
3.6.3 Electrically Switchable Permanent Magnets
The inverse mechanism applied in the magnetoelectric sensors could also be used to switch
the magnetization of a permanent magnet. Once again, if the magnetoelectric coupling is high
enough it would be possible to invert the magnetization of a very hard multiferroic magnetic
without the need of applying huge magnetic ﬁelds [114].
This ability could itself have many applications, like the possibility of manufacturing
smaller, more energy eﬃcient magnetic tips to perform magnetic data recording [114].
3.6.4 Multiferroic Hard Disk
Magnetic data record density has reached critical limits, since smaller magnetic bits begin
to enter in the superparamagnetic regime. This limitation could be overcome by using bits
made of magnetic materials with very high coercive ﬁelds. However, this would imply higher
currents in the inductive heads (therefore very energy ineﬃcient writing process) and the size
of the inductive head would be itself a limitation for these devices (due to the diﬃculty of
applying very localized magnetic ﬁelds) [114].
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Figure 3.15: Schematic representation of a Magnetoelectric MRAM, showing the high and low
resistance states of the device operating solely by electrical means. Extracted from [114].
To address these issues, one could replace the inductive heads by smaller high magnetiza-
tion multiferroic heads (already mentioned above). We could also use high coupling magne-
toelectric materials as high coercive ﬁeld bits, which would easily change their magnetization
state using electric ﬁelds [114,117].
Still, one of the most disruptive approaches is the creation of 4 state devices. Nowadays
the data storage comprises of 2 state bits that can result from a charged (+) or uncharged
(−) capacitor, or using magnetic media instead, result from a upward (↑) or downward (↓)
magnetization. Using materials that are both ferroelectric and magnetic we can have 4 diﬀerent
state bits: (↑,+) , (↑,−) , (↓,+) and (↓,−), hence increasing the data recording density
[118,119].
3.6.5 MEMRAM
MRAM are already considered the new generation of RAM’s which has both the advantage
of being a non-volatile memory and has high operations speeds. Its sole ﬂaw has to do with
its magnetic writing, which is still the bottleneck of MRAM’s, compromising their energy
eﬃciency and miniaturization potentiality.
The magnetoelectric MRAM (MEMRAM) could solve these limitations. As we can see in
ﬁgure 3.15 the introduction of a Multiferroic layer would allow to change the magnetization
states using an electric tension, allowing therefore a fully electrical operation [110–113,120].
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Experimental Techniques
4.1 X-ray Diffraction
X-ray diﬀraction (XRD) is a characterization technique vastly used in materials research
due to its non-destructive nature and its ability to give information about the crystalline
structure of the studied sample, allowing to identify its symmetry and even chemical nature
[121,122].
Bragg suggested the diﬀraction would occur due to reﬂections of the atomic planes as
described by ﬁgure 4.1 [121, 123–125]. Due to the crystal lattice periodicity, the number
of variables required to describe such phenomenon was greatly reduced. The condition for
constructive interference arises when the path diﬀerence of two incident beams, represented in
red at ﬁgure 4.1, is an integer multiply of the wavelength, as described by Bragg’s law [124]:
λ = 2dhkl sin θ . (4.1)
Figure 4.1: Representative scheme of Bragg’s diﬀraction. From [126].
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The electromagnetic radiation involved in the diﬀraction process comes from the scattering
of photons by the electrons surrounding the atoms of the material which we want to analyse.
This scattering is a feature of the atomic scattering factor, f , which is correlated with the
electrons local density, ̺, and the atom’s vibration amplitude, u, as can be seen in equations
4.2-4.4 [121,122,124,127]:
f = f0 · e

−
B sin2 θ
λ2


, (4.2)
f0 =
ˆ ∞
0
̺(r)
sin(kr)
kr
dr , (4.3)
B = 8π2u2 , ̺(r) = 4πr2|Ψ|2 , k = 4π sin θ
λ
. (4.4)
Using Bragg’s law it is possible to determine the distance between the atomic planes of a
given crystalline lattice by inspecting its diﬀractogram and seeing for which angles there are
constructive interference, as well as by the observation of their relative intensity [122,123,125].
The determination of the expected intensity for each diﬀracted crystal plane, deﬁned by the
hkl Miller indexes, is related to their structure factor by equation 4.5 [122,124,127]:
Ihkl ∝ F 2hkl . (4.5)
Lastly the structure factor is related to the atomic scattering factor of the diﬀracted atoms
and the symmetry of the crystal primitive cell by equation 4.6:
Fhkl =
N∑
j=1
fj·e[2πi(hxj+kyj+lzj)] , (4.6)
(4.7)
where N is the number of atoms within the primitive cell, fj is the atomic scattering factor of
the atom which is in position j, and xj, yj and zj are the components of the position vector
of atom j.
XRD diﬀraction can also be used to estimate the average crystallite size of a powder sample
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or a polycrystalline material. This can be done using Scherrer equation 4.8 [122,128,129]:
τ =
Kλ
β cos θ
, (4.8)
where τ is the average crystallite diameter, λ is the diﬀracted wavelength, θ is the Bragg
angle, β is the full width at half height (FWHM) of the diﬀraction peak (usually the peak
with highest intensity), and K is a dimensionless shape factor which depends on the crystallite
geometry (0.9 for spherical crystallites) [122,128,129].
4.1.1 Grazing Incidence X-ray Diffraction
X-rays are a type of electromagnetic radiation with a considerable penetration depth, thus
XRD is not a surface sensitive technique per se. This feature is quite inconvenient if one
desires to study crystalline properties of a thin ﬁlm deposited on a given substrate. In fact,
considering, for example, a 100 nm thin ﬁlm deposited in a graphite substrate we can conclude
that for a typical θ− 2θ conﬁgurations two problems contribute to a poor analysis of the thin
ﬁlm XRD [130,131].
First the small volume of interaction, inherent to the low thickness of the considered ﬁlm,
results in very feeble diﬀraction peaks. Second, there will be a huge contribution from the
substrate which will act as background radiation, outshining the ﬁlm peaks. For the graphite
substrate example there would be a penetration depth of about 500 µm, therefore, comparing
with the 100 nm ﬁlm, we would have a ratio between the ﬁlm/substrate contribution of about
1/5000 = 2× 10−4 [130].
To overcome these limitations it is possible to use a conﬁguration such as the one of
ﬁgure 4.2 where the incident X-ray beam has a very low incident angle, resulting in Grazing
Incidence X-ray Diﬀraction (GIXRD) if the thin ﬁlm is polycrystalline. This grazing incidence
will increase the path made by the beam in the thin ﬁlm, thus increasing its interaction
volume [130, 131]. It will also partially or completely eliminate the beam interaction with
substrate and for these reasons the thin ﬁlm peak intensities will increase while the substrate
contribution will decrease substantially.
It should be noted that for a given ﬁlm thickness there is always an incident angle, α,
which will completely eliminate the substrate contribution, however, if this angle is much
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Figure 4.2: Experimental conﬁguration of a GIXRD setup. From [132].
less than the critical angle, αc, the beam will be completely reﬂected and there will not be
any diﬀraction. For this reason a compromise must be found and the substrate might still
contribute to the spectrum [130,131].
In the GIXRD conﬁguration the low angle incident beam remains ﬁxed and it is the
detector that will move around the 2θ angle (ﬁgure 4.2). For polycrystalline thin ﬁlms the
diﬀraction will happen in cones such as the ones of ﬁgure 4.3, thus moving the detector will
allow to ﬁnd for which angles the diﬀraction occurs, similarly to a powder diﬀraction spectrum.
Figure 4.3: Diﬀraction cones originating from the randomly oriented grains of a polycrystalline
thin ﬁlm for GIXRD. From [131].
For strong enough diﬀraction peaks, this might enable a quantitative identiﬁcation of the
4.2 Rietveld refinement
crystalline phases using methods such as Rietveld reﬁnements. Nonetheless, in polycrystalline
thin ﬁlms a quantitative analysis is rarely possible and the GIXRD is more often used to
qualitatively identify the possible phases present in the material [130,131].
On the other hand, if the thin ﬁlm is epitaxial or if it has very well deﬁned orientations
the diﬀraction conditions will not be generally met (the diﬀraction would occur if the incident
beam caught a speciﬁc diﬀraction plane) [130,131].
4.2 Rietveld refinement
The Rietveld reﬁnement method, developed mainly by Hugo Rietveld, tries to ﬁt the exper-
imental diﬀractogram to the theorectical diﬀraction peaks taking into account their intensity
for each Bragg angle [129,133,134]. This method is based on ﬁts using a least squares analysis
with the objective to iteratively minimize the quantity χ2 [129, 133,135]:
χ2 =
N∑
i=1
wi(yio − yic)2 , (4.9)
where N is the number of points observed in the diﬀractogram, yio is the height (intensity) of
the ith point of the diﬀractogram, yic is the theoretical intensity for the same ith point, and
wi = 1/σ2 = n/yic ≈ n/yio is the weight of each point (where n is the number of detectors used
to measure the ith point) [129,133,134].
To minimize χ2 one should ﬁnd the solution of equation 4.10 [129,133,135]:
P∑
j
∂χ2
∂pj
= 0 , (4.10)
where P is the number of parameters used in the ﬁt and pj is the jth parameter of equation
4.10 sum.
The theoretical parameter is deﬁned as [133]:
yic = yib + s
∑
K
LK |FK |2 φ (2θi − 2θK)APK , (4.11)
where yib is the background contribution for the ith point, s is a scale factor, K represents
the Miller indices (hkl) of a given Bragg angle, LK contains the polarization, Lorentz and
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multiplicity factors, FK is the structure factor, A is the absorption coeﬃcient, PK is the
preferential orientation function, and φ (2θi − 2θK) is the reﬂection proﬁle function. The latter
takes into account experimental eﬀects, such as the setup geometry, sample misalignment and
absorption eﬀects. The reﬂection proﬁle function can have several curve types, but the most
usual are Gauss, Lorentz, Voigt or Pseudo-Voigt functions.
4.2.1 Quality Criteria
Using numerical minimization methods, we can adjust the ﬁt parameters, hence we should
have a set of criteria which allow to determine the quality and conﬁdence of the obtained ﬁt.
Therefore, Rietveld users developed the R-factors as a means of evaluating the quality of the
Rietveld analysis. Some of these factors are presented below [133,134,136,137]:
Rwp =
√√√√√√√√
N∑
i=1
wi(yio − yic)2
N∑
i=1
wi yio2
× 100% =
=
√√√√√ χ
2
N∑
i=1
wi yio2
× 100% (4.12a)
Rp =
N∑
i=1
|yio − yic|
N∑
i=1
yio
× 100% (4.12b)
RB =
N∑
i=1
|IKo − IKc|
N∑
i=1
IKo
× 100% (4.12c)
RF =
N∑
i=1
∣∣√IKo −√IKc∣∣
N∑
i=1
√
IKo
× 100% (4.12d)
Rexp =
√√√√√N − P +CN∑
i=1
wi yio2
× 100% (4.12e)
S =
Rwp
Rexp
=
√
χ2
(N − P + C) (4.12f)
d =
√√√√√√√√
N∑
i=2
(∆yi −∆yi−1)2
N∑
i=1
∆yi
2
(4.12g)
From a pure mathematical point of view, the most relevant R-factor is the Rwp once it
is a weighted factor and therefore the most relevant points (the ones with less variance) are
responsible for most of the Rwp value. Another widely used factor is Rp which consists in
the sum of all relative diﬀerences between the observed and calculated points. The Bragg
R-factor, RB , and the structure R-factor, RF , are similar to the Rp and Rwp respectively,
however, instead of using the intensity of each point, they use the integrated area IK for a
given combination of Miller indices (hkl).
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The Rexp factor is a quality indicator of the experimentally obtained diﬀractogram, since
it takes into account the total measured points, N , the number of parameters used on the ﬁt,
P , and the imposed constrains, C. Rexp is directly related with the S value, given by equation
4.12f, which is closer to 1 the better the Rietveld reﬁnement is. S must not be less than 1
regardless of the quality of the other R-factors.
Determining and subtracting the background is crucial to the Rietveld reﬁnement since it
can erroneously inﬂuence the Rexp value. The background itself is the ubiquitous electromag-
netic radiation originated from the X-rays interactions with the sample and from the X-rays
coming from the source, such as Kα and Kβ spectral lines.
Equation 4.12g shows the Durbin-Watson factor, where Dyi = yio − yic. This factor is an
additional quality indicator whose ideal value is 2 [129,133].
In summary the Rietveld method allows the quantiﬁcation of crystallographic properties of
the studied material, however such an approach should only be done after proper identiﬁcation
of its crystallographic phase(s).
4.3 Scanning Electron microscope
The Scanning Electron microscope (SEM) is a widely used technique to study the mor-
phology of materials surfaces. It is able to take high magniﬁcation images of about 10− 105×
and has a high spatial resolution. SEM is also well known by its high depth of ﬁeld which
grants some three-dimensionality to its images [138–141].
Figure 4.4 shows SEM’s three main components: the electron gun, the electromagnetic
lenses and their aperture controlling system, and the particle and photon sensors. The electron
gun has an electron source which is typically a W ﬁlament heated by an electric current
resulting in the thermionic emission of electrons. These electrons are accelerated by an electric
potential of about 0.1 − 50 keV making this way the electron beam used in the SEM.
The electron beam is controlled by electromagnetic lenses whose magnetic and electric
ﬁelds bend the electron beam path as described by Lorentz equation [4]:
~F = q
[
~E +
(
~v × ~B
)]
. (4.13)
This way, and using diﬀerent slits, it is possible to manipulate the electron beam to do the
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Figure 4.4: Diagram of the SEM components. From [142].
scanning at the desired sites and speed.
The electromagnetic lenses are a crucial factor to the spatial resolution of this microscope,
being usually the bottleneck of the SEM ﬁnal resolution [138,139].
Unlike an optical microscope or a TEM, the SEM supplies an image originated from
the electron beam scanning site by site, giving an image contrast produced from the signal
diﬀerence obtained in each scanned pixel. Due to the high kinetic energy of the beam electrons,
they interact with the sample giving birth to several types of by-product radiation (ﬁgure 4.5).
The backscattering electrons are high energy electrons which have suﬀered elastic scatter-
ing. These electrons are more scattered the higher is the atomic number, Z, hence being used
in contrast images of substances with distinct values of Z [138,141].
The secondary electrons originate from the inelastic scattering between high energy elec-
trons and the electrons of the material in study. The lost energy induces the ejection of an
electron from the target atom outer shells, with a kinetic energy of E < 50 eV. Secondary
electrons are used in most SEM images, since they are highly sensitive to sudden changes in
the sample topography due to their low energy. This feature enables the creation of images
with high texture contrast, high ampliﬁcation, and high spatial resolution.
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Figure 4.5: Scheme of the by-products resulting from the interaction of the electron beam with
the sample. It should be stressed out that each depth has its own characteristic radiation by-
product. From [143].
4.3.1 Imaging Modes
As mentioned, the way one can build an image using a SEM depends in which interaction
by-product we choose to use as our signal. So, it is only natural that for diﬀerent interaction by-
products we have diﬀerent imaging capabilities/modes. The most important beam parameters
are directly related to the electrons which probe the sample and are represented in ﬁgure 4.6.
V0 is the voltage applied to the electrons and is proportional to their energy (V0 = E0/e), α is
the electron probe convergence, ip is the electron probe current, and d is the electron probe
diameter.
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Figure 4.6: Diagram describing the variables involved in the SEM’s electron probing beam.
From [139].
High-Resolution mode
The high-resolution mode consists in reducing the electron probe diameter to the limits of
the experimental apparatus using equation 4.14 parameters [139]:
d =
(
C
1/4
s λ
3/4
)[
1 +
ip
βλ2
]3/8
, (4.14)
where Cs is the spherical aberration due to the electromagnetic lenses, λ is the electron beam
wavelength, and β is the brightness of the electron source.
Since the electron source is strongly correlated to the electron probe diameter (informally
called spot diameter), one can use other electron sources apart from the common W ﬁlament.
Another alternative is the LaB6 ﬁlament which has a brightness about 10× higher, or ﬁeld
eﬀect sources which have a brightness about 1000× higher.
High-Current mode
Using high electron probe currents, we are able to obtain the best possible image visibility
and quality at the cost of spatial resolution. For this reason, to improve the global image
quality, a compromise between the High-Current mode and the High-Resolution mode needs
to be found.
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Low-Voltage mode
In the Low-Voltage mode, electron energies < 5 keV are used. These electrons interact
with the sample surface, giving superﬁcial information which can be masked if higher voltages
are used [138].
Depth-of-Focus mode
The Depth-of-Focus mode uses very low convergence angles and proﬁts from one of the
most remarkable features of the SEM, the Depth of Field. As it was already mentioned, this
feature allows to obtain information/images with three-dimensionality, something impossible
for other microscopy techniques such as optical microscopy or atomic force microscopes [138].
Lastly, one should mention that the sample and measurements preparation are quite simple
which eases the SEM usage as an everyday technique in materials characterization [138–141].
4.4 Scanning Transmission Electron Microscopy
For very small particles the spatial resolution of SEM will decrease, mainly due to all the
scattering that will arise from the lower layers of the sample. In fact, for small size powders
the electron probe beam might even be transmitted till the sample holder inserting another
source of noise, increasing the required current intensity thus decreasing the spatial resolution
of the SEM.
To avoid these problems, the samples are made thinner and thinner till the region which
will be probed by the electron beam has tenths of nanometres. This sample preparation
changes the analysis paradigm from the scattered electron microscopy to a Transmission Elec-
tron Microscopy (TEM). Apart from the electron source, the electromagnetic lenses, and
apertures which control the electron beam till its interaction with the sample, a TEM will
also have a system of lenses and aperture controllers after the sample position (ﬁgure 4.7).
In a conventional TEM the electron beam probe will cross a given region of the sample and
the diﬀracted transmitted electrons will then be detected by a given sensor (it used to be a
ﬂuorescent screen, but nowadays is a CCD) and, depending on the converged plane, it will
display a micrograph or a reciprocal space image of the sample (ﬁgure 4.7).
The Scanning Transmission Electron Microscopy (STEM) uses the strengths of both SEM
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Figure 4.7: Diagram of TEM operating modes. From [144].
and TEM. A STEM will resort to an electron beam probe which is completely converged at
a given point/region of the sample, with a spot size which might have sub-nanometre sizes
[138, 140]. This small probe size will be transmitted through the sample and will contribute
to a pixel of the micrograph. After doing a scan on the sample the desired micrograph is
obtained, contrarily to the conventional TEM where the micrograph is obtained from the
probe interaction with the whole region of interest at once. The experimental apparatus of
both STEM and TEM are identical, being usually possible to use the same microscope to
operate in both ways just by altering the conﬁgurations and parameters of its components
(ﬁgure 4.8 and 4.9) [138–140].
The STEM can operate in the Bright-Field (BF) mode which results from quantiﬁcation
of the electrons that reach the detector after the their transmission through a speciﬁc region
of the sample and its spatial resolution will be higher for higher α angles (given that the
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electron beam converges in the probe) (ﬁgure 4.8). Besides the low β1 angle transmitted
electrons (ﬁgure 4.8), some electrons are scattered from the sample at high angles (mainly
in elements with a high Z). The latter will be used to produce Dark-Field (DF) images, or
High-Angle Annular Dark-Field (HAADF)imaging which can complement the information
previously given by the BF imaging [138].
Figure 4.8: Scheme of STEM. It is possible
to observe that the central detector is used to
measure in the Bright-Field mode while the
outer detector is used to measure the Dark-
Field mode. Adapted from [145].
Figure 4.9: Diagram of STEM operating
mode. Adapted from [146].
The STEM can produce high resolution imaging (at the atomic level), higher than the
SEM, and suﬀers much less from sample drift problems than the TEM (despite the fact that
the STEM needs a longer time to make a micrograph when compared with the conventional
TEM) [138–140].
4.5 Characteristic X-ray Spectral lines
When high energy electrons interact with the sample’s inner shell electrons, the latter are
ejected as schematized in ﬁgure 4.10. The remaining electrons redistribute themselves after
about 10−15 s, occupying the inner shells with the electrons that were previously in outer
shells [34]. However, to complete this process, the outer electron must release some energy
in order to occupy the vacant lower energy level. This energy diﬀerence can be released by
emitting a characteristic X-ray photon, or by ejection of an Auger electron due to its energy
transfer to other valence electrons.
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Figure 4.10: Diagram of the interaction which originate the characteristic X-rays. Adapted
from [138].
Since quantum mechanics states that the energy levels of an electron in a speciﬁc shell
of a given atom are well deﬁned by Schrödinger equation, it is possible to identify to which
element an emitted spectral line belongs to [34, 138,139].
4.6 Bremsstrahlung
From electrodynamics its known that a charged particle emits electromagnetic radiation
when accelerated, as described by equations 4.15 and 4.16:
P =
q2γ6
6πǫ0c
[
β˙2 −
(
~β × ~˙β
)2]
=


P~a⊥~v =
q2a2γ4
6πǫ0c3
P~a‖~v =
q2a2γ6
6πǫ0c3
In the classical non-relativistic
==================⇒
approximation v≪c
(4.15)
⇒ P = q
2a2
6πǫ0c3
. (4.16)
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where P is the irradiated power, q is the charge of the accelerated particle, c is the speed of
light, ǫ0 is the electric permittivity in vacuum, β = v/c, v is the charge velocity, a is the charge
acceleration, and γ =
1√
1− v2/c2 is the Lorentz factor [35–37]. Bremsstrahlung is a German
word which means ”braking radiation” and is the name given in physics to the radiation
emitted by a decelerating charge. The X-ray continuum resulting from the interaction between
SEM’s electron beam and a given material, as shown in ﬁgure 4.5, is nothing more than
the Bremsstrahlung. This radiation is ubiquitous for interactions of charged particles with
matter and eﬀects greatly the signal background and therefore the overall spectral resolution
of chemical characterization such as Energy-Dispersive X-ray Spectroscopy.
4.7 Energy-Dispersive X-ray Spectroscopy
As it can be seen in ﬁgure 4.5, in addition to the backscattered and secondary electrons,
there are other radiation types originated from the electron beam interaction with the sample
atoms. For this reason, it is possible to take advantage of all these radiations to give further
information about the sample just by adding the adequate sensors in the experimental setup.
Energy-Dispersive X-ray Spectroscopy, EDS or EDXS takes advantage of the element
speciﬁc characteristic X-rays to make the chemical characterization of a given material. EDS
uses accelerated electrons to produce the characteristic X-rays, therefore it is quite common to
implement an adequate spectrometer in SEM or STEM experimental setup to combine both
microscopy and chemical analysis. This technique is quite versatile and has a lower limit of
detection which can reach values as low as 0.1% of atomic concentration.
4.8 Particle Induced X-ray Emission Spectroscopy
The Particle Induced X-ray Emission, or PIXE is a spectroscopic technique based on the
same main physical principles of EDS, however in the former the K electron is ejected using
a high energy ion instead of an electron. In PIXE spectroscopy the ions typically used are
protons or He nucleus which are accelerated to energies of the order of MeV [34,147].
Thanks to the above-mentioned diﬀerence, PIXE spectroscopy suﬀers a huge boost in its
sensitivity to identify characteristic X-rays. This can be explained due to the signiﬁcant mass
diﬀerence between the particles used in PIXE and EDS (a proton for example is about 1836
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times more massive than an electron [147]). This diﬀerence in mass results in less lost kinetic
energy, increasing the penetration depth and focus ability.
Additionally, due to PIXE’s particles having higher masses, there is much less deceleration
than in the electron case, hence having a much lower Bremsstrahlung, whose contribution in
PIXE is predominantly from the secondary electrons formed by the ions interaction with the
sample [147, 148]. This aspect of PIXE eases the detection of characteristic X-ray spectral
lines allowing a much higher spectral resolution [147,148].
In addition to protons, PIXE uses heavier ions (like He ions), however as the ion get
bigger/heavier the sample damage also increases and for this reason it is not usual to use high
mass ions in PIXE spectroscopy [147,148].
PIXE is a characterization technique which presents a sensitivity in the order of ppm of
atomic concentration for Z ≥ 12, hence being quite useful in the detection of trace elements
[147,148].
4.9 Raman Spectroscopy
The study of the vibration modes of a given system can give information about its struc-
tural and chemical characteristics. Knowing that, an electromagnetic wave can be deﬁned as
the electric ﬁeld sinusoidal function of equation 4.17 [4]:
E = E0cos (2πν0t) , (4.17)
and the polarization of a given material is described by the product of the polarizability tensor
and the applied electric ﬁeld:
~p = αˆ ~E , (4.18)
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if we consider the expansion of the polarizability in the power series of the normal coordinate
of vibration, q, presented in equation 4.19 till the ﬁrst order term:
α = α0 +
(
∂α
∂q
)
0
q +
1
2
(
∂2α
∂q2
)
0
q2 + · · · (4.19)(
∂α
∂q
)
0
6= 0 (4.20)
putting together equations 4.18 and 4.17, and considering q = q0 cos[2πνmt], we obtain equa-
tion 4.21:
p = α0E0cos (2πν0t)︸ ︷︷ ︸
Rayleigh
+
1
2
(
∂α
∂q
)
0
q0E0

cos [2π (ν0 + νm) t]︸ ︷︷ ︸
Anti–Stokes
+ cos [2π (ν0 − νm) t]︸ ︷︷ ︸
Stokes

 . (4.21)
Equation 4.21 has three main parts. The ﬁrst term describes the Rayleigh scattering
which is the pure elastic scattering of electromagnetic radiation, being for this reason the most
intense component. The two remaining terms describe the Anti–Stokes and Stokes scattering
respectively and consist in inelastic scattering of the electromagnetic radiation. The inelastic
scattering shifts the Anti–Stokes and Stokes scattering frequencies by νm with relation to the
Rayleigh scattering frequency (Raman shifts with an energy quanta of E = hνm) [149,150].
Figure 4.11: Diagram with the transitions associated with the diﬀerent types of radiaction
scattering. From [151].
Raman Spectroscopy studies the Stokes scattering spectrum by checking where the inten-
sity peaks and their respective Raman shifts are . For temperatures low enough (such as room
temperature), the vibrational ground state is much more populated than the ﬁrst excited
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vibrational state. For this reason, the Stokes spectrum is chosen instead of the Anti–Stokes
since the former’s transitions originate from the vibrational ground state, hence having more
intense peaks than the latter, whose transitions originate from the less populated ﬁrst excited
vibrational state, as shown in ﬁgures 4.11 and 4.12. It should be stressed out that even for
the more intense Stokes spectrum, its peak intensities are about 103 (for solids) to 106 (for
gases) times less intense than the peak due to Rayleigh scattering [149,150,152].
Figure 4.12: Typical Raman spectrum. From [152].
Raman spectroscopy is a very versatile non-destructive characterization technique which
does not require complex sample preparation and, besides the chemical and structural infor-
mation of the material in study, it can also enable the study of electrical properties, since
as it can be observed in equation 4.20, the Raman active vibrational transitions are directly
correlated with its electric polarizability tensor [149,150].
4.10 Superconducting Quantum Interference Device
It is known that in a superconducting ring with a circulating current J , if a portion of the
ring is insulator or has a critical current smaller than J , as long as that portion is smaller
than the coherence distance ξ, then the Cooper pairs can tunnel through that material portion
without any voltage drop or energy dissipation. That insulator part is called a Josephson
junction and it just induces a phase diﬀerence, δ, between the macroscopic wavefunction of
the two extremities of the Josephson junction [153]. It is also known that it is only possible
to enclose an internal magnetic ﬂux in a superconducting ring as long as it is a multiple of
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the ﬂux quanta described by equation 4.22 [153–157]:
Φ0 =
h
2e
. (4.22)
A Superconducting QUantum Interference Device (SQUID) is a magnetometer which is
known for its high sensitivity and is often used to measure very small magnetic moments. This
device is based on the Josephson eﬀect and can operate in the direct current (DC) regime or
in the alternating current (AC) regime [153–157]. The AC regime is also known as RF SQUID
(radio frequency SQUID) since the alternating current is induced by radio frequency in the
superconducting ring containing the Josephson junction.
4.10.1 DC SQUID
In the DC SQUID two identical Josephson junctions are placed in a superconducting ring
with a bias DC current I which is divided into two currents, I1 and I2, as shown in ﬁgures 4.13
and 4.13. Besides the bias current there is also the current J due to the enclosed magnetic
ﬂux Φin = L J . It should be noted that the critical current IC results from the sum of the
critical currents of both Josephson junctions IC,1 and IC,2.
Figure 4.13: Scheme of the superconduct-
ing ring of a DC SQUID. From [154].
Figure 4.14: Figure 4.13 equivalent electric
circuit. From [154].
The DC SQUID has two operating modes: in the ﬁrst one the magnetic ﬂux enclosed in
the superconducting ring modulates IC with a period Φ0. This modulation is caused by the
wave functions interference coming from the two branches of the superconducting ring and
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which have a phase diﬀerence ∆δ. This way it is possible to measure IC increasing the bias
current I to the point there is a voltage between the Josephson junctions.
In the second operating mode a bias current slightly higher than the critical current of
the superconducting ring is supplied. This way, for I & IC is possible to directly measure
the voltage V as a function of the applied magnetic ﬂux, Φa. When IC reaches its maximum
value, V reaches its minimum value and vice versa [153].
The most impressive feature of the DC SQUID is its huge sensitivity and measurement
resolution. This magnetic sensor can measure magnetic ﬁelds of the order of fT − pT with
typical resolution of about 5 fT [156, 157]. However, there are some noise sources such as
white noise and thermal ﬂuctuations. To lower the possible noise sources, one should reduce
the best we can the capacitance and inductance of the Josephson junction, as well as the
SQUID temperature, as it can be seen through inspection of the noise energy of equation
4.23 [153,157]:
EN = 16kBT
√
LC . (4.23)
4.11 Perturbed Angular Correlations Spectroscopy
Perturbed Angular Correlations (PAC) spectroscopy is a nuclear technique which allows
the measurement of the EFG or/and the HMF felt by a given radioisotope probe nucleus. This
characterization technique is based on the angular correlation of a two consecutive γ photon
cascade, for the γ − γ case (ﬁgure 4.15) or a cascade of a conversion electron and a γ photon
for the e− − γ case [33, 158,159].
For a nucleus excited state with total angular momentum I, such as the one shown in
ﬁgure 4.15, it is is possible to determine the probability of emission of a γ2 photon with a
propagation vector ~k2 after the emission of a ﬁrst γ1 photon with a vector ~k1 [33, 160]. For
randomly oriented nucleus and taking as reference the vector ~k1 (ﬁgure 4.16), the probability
W (θ) of consecutive γ-ray emission is expressed by equation 4.24 [33, 158,160]:
W (θ) =
kmax∑
k=0
Ak(γ1)Ak(γ2)Pk(cos(θ)) , (4.24)
where only even values of k will be used in the sum due to parity conservation of the elec-
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Figure 4.15: 111Cd decay scheme of the γ1 − γ2 cascade from the exited 111mCd to its stable
state.
tromagnetic interaction. kmax is deﬁned as the min{2I; (l2 + l′2); (l1 + l′1)}, where li and l′i
are allowed angular momentum values carried by each γ-ray between two consecutive nuclear
states. Pk(cos(θ)) are the Legendre polynomials and Ak(γ1) and Ak(γ2) are the anisotropy
terms which describe the coincidence probability deviations from the isotopic case where
W (θ) = 1 [33, 158,160].
The expression of equation 4.24 holds for an ensemble of free radioisotopes due to the
2I + 1 degenerate states being equally populated. However, if the radioisotope is within a
crystal lattice then there might be an energy split of the degenerate states. In fact, as long as
the chemical environment of the radioactive probe is not cubic, the intermediate state (second
energy level of ﬁgure 4.15) will be perturbed and there will be an energy splitting which will
alter the populations of each mI state, thus aﬀecting the angular probability distribution,
W (θ) [161–163].
The new coincidence probability W (θ) will become a time dependent perturbation func-
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Figure 4.16: (Left) Experimental conﬁguration to measure the γ1 − γ2 angular correlation.
(Right) Plot of the coincidence probability as a function of the angle θ. Adapted from [159].
tion, GN1,N2k1,k2 (t), as shown in equation 4.25 [33, 160]:
W (θ, t) =
kmax∑
k1,k2,N1,N2
Ak(γ1)Ak(γ2)
Y N1k1 (θ1, φ1)Y
N2
k2
(θ2, φ2)√
(2k1 + 1)(2k2 + 1)
GN1,N2k1,k2 (t) , (4.25)
where Y Niki (θi, φi) are the spherical harmonics, and |Ni| ≤ ki. The perturbation function,
GN1,N2k1,k2 (t), contains all the information related to the hyperﬁne ﬁelds (EFG and/or HMF)
which will interact with the intermediate state [33, 160].
For a polycrystalline host lattice, and if the interaction Hamiltonian is static, equation
4.25 is simpliﬁed and equation 4.26 is obtained [33, 160]:
W (θ, t) =
kmax∑
k=0
Ak(γ1)Ak(γ2)Pk(cos(θ))Gkk(t) . (4.26)
To measure the hyperﬁne ﬁelds felt at the probe site, the perturbation function, Gkk(t),
must be experimentally determined. To do so the coincidence count rate as a function of time,
N(θ, t), for the two γ photons of the γ1 − γ2 cascade should be measured. This is achieved
with an even number of detectors (usually 4 or 6 detectors are used) that are oriented in pairs
of antiparallel (180◦) and perpendicular (90◦) conﬁgurations [33, 158–160,164].
For the 6 detectors conﬁguration there are 30 detector pair combinations with 180◦ (6) and
90◦ (24) between them providing coincidence spectra. The spectra are combined and the term
of the intermediate nuclear state half-life is eliminated through the anisotropy ratio function
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presented in equation 4.27 [160,164]:
R(t) = 2
6
√∏6
j Nj(180
◦, t)− 24
√∏24
i Ni(90
◦, t)
6
√∏6
j Nj(180
◦, t) + 2 24
√∏24
i Ni(90
◦, t)
. (4.27)
For a 4 detectors conﬁguration there are 12 detector pair combinations with 180◦ (4) and
90◦ (8) between and its ratio function is presented in equation 4.28 [160,164]:
R(t) = 2
4
√∏4
j Nj(180
◦, t)− 8
√∏8
i Ni(90
◦, t)
4
√∏4
j Nj(180
◦, t) + 2 8
√∏8
i Ni(90
◦, t)
. (4.28)
The ﬁtting function is calculated by numerically diagonalizing the quadrupole interaction
Hamiltonian to produce the equivalent observable perturbation function to R(t) [160, 164].
The theoretical perturbation function is described by equation 4.29:
R(t) =
∑
AkkGkk(t) , (4.29)
where Akk are the eﬀective anisotropy coeﬃcients of the nuclear decay cascade and Gkk(t) is
the perturbation factor containing the hyperﬁne interaction frequencies, ωn, through equation
4.30 [158,160,164]:
Gkk =
∑
i
fi
3∑
n
Sikn cos(ω
i
nt) exp(−ωinδit) . (4.30)
where fi represents the fraction of the probes that interact with diﬀerent environments,∑
i fi = 1, with interaction frequencies ωn, amplitudes Skn, and attenuation δ. In this the-
sis, to extract the electric ﬁeld gradients from quadrupole hyperﬁne interaction we use the
quadrupole moment of the 111mCd’s 5/2+ intermediate state (ﬁgure 4.15), Q = 0.683(77)b
[165].
4.12 Sputtering Deposition
Sputtering is one of the most widely used physical vapour deposition (PVD) techniques.
It allows the deposition of several materials without the need of heating the source materials
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(the target) [166–168]. Figures 4.17 and 4.18 show typical experimental setups for sputtering
deposition, for which a target and a substrate are placed inside a vacuum chamber, where
an inert gas, such as Ar, is injected. Then an electric potential is applied between the target
(used as cathode) and the substrate (used as anode), which will strip some electrons from the
Ar atoms, ionising them. The charged particles (electrons and Ar+) will be accelerated by
the electric potential, colliding with the neutral Ar atoms, further enhancing their ionization,
thus creating a plasma inside the chamber between the target and the substrate [166–168].
The positively charged Ar ions are attracted by the cathode, colliding with the target which
results in the ejection of the atoms from the target source material and their deposition on
the substrate. The substrate can be heated to improve not only the adhesion of the sputtered
material during the condensation phase, but also as a means of improving the crystallinity of
the deposited phase [166–168].
Figure 4.17: Sheme of a typical experimental con-
ﬁguration for DC sputtering. From [169].
Figure 4.18: Sheme of a typical experi-
mental conﬁguration for RF sputtering.
From [170].
Using a DC sputtering conﬁguration (ﬁgure 4.17), the Ar ions that eject the atoms from the
target will remain in the cathode, resulting in a positive charge accumulation for an isolating
target source material. This charge accumulation will produce a screening ﬁeld which will
gradually lower the sputtering eﬃciency [166–168]. To solve this problem, a RF conﬁguration
can be used, where the DC power supply is replaced by an AC power supply instead.
In this last conﬁguration it is usual to incorporate magnetrons which allow the conﬁnement
of the plasma in a smaller region. This approach presents several advantages since it will
enhance the ionization of the Ar atoms while using much less gas pressure (pressures in the
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order of 10−5 mbar can be used instead of the typical 10−2–10−3 mbar), thus having cleaner
deposition conditions [166–168].
This deposition technique is relatively easy to implement and allows the deposition of
high sublimation temperature materials, reasons which make the sputtering deposition such
a widely used deposition technique.
4.13 Molecular Beam Epitaxy
Molecular Beam Epitaxy (MBE) is known as a very thorough PVD method which al-
lows the epitaxial growth of very thin ﬁlms under very clean conditions. Figure 4.19 shows
the experimental apparatus usually associated with MBE deposition. It is composed of an
ultra-high vacuum chamber (UHV), Knudsen-cells, a rotative substrate holder (and respective
heater), and some in situ characterization techniques (such as Reﬂection High-Energy Electron
Diﬀraction, RHEED, and Low Energy Electron Diﬀraction, LEED) [166,167,171,172].
Before the ﬁlm deposition, the substrate and its holder should be completely cleaned
and baked at a temperature higher than the temperature at which the deposition will take
place. This procedure is usually done inside a UHV chamber to release possible adsorbed and
absorbed organic substances from the substrate warranting good vacuum conditions during
the deposition process [171,172].
Figure 4.19: Sheme of a typical experimental conﬁguration for MBE. From [173].
After the cleaning and baking procedure, the substrate is maintained at the desired de-
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position temperature and then the Knudsen (or eﬀusion cells) are heated to the temperature
correspondent of a given deposition rate, which was previously calibrated. To enhance the
homogeneity of the ﬁlm deposition, the substrate is rotated during the deposition process.
Each Knudsen-cell is responsible for a individual atomic/molecular beam thus it is possible to
deposit a composite and control the desired stoichiometry by adjusting each beam deposition
rate, after taking into account the adhesion of each element [166,167,171,172].
MBE deposition enables very high purity thin ﬁlm deposition due to the UHV conditions,
typically ≤ 10−10 mbar, and epitaxial ﬁlms thanks to the low deposition rates of this deposition
technique [166,167,171,172].
As mentioned above, the MBE experimental apparatus often possesses complementary
characterization techniques, such as RHEED and LEED, which allow the in situ control of
the thin ﬁlm deposition. These capabilities allow the correction of the eﬀusions cells or/and the
opening or closing of their shutters during the growth of heterostructures/composites [171,172].
Despite the high accuracy, homogeneity, good ﬁlm adhesion and the slow epitaxial growth
allowed by the MBE, its expensive and complex apparatus makes this deposition technique
restricted to just a few laboratories and, therefore, it is not as accessible as other PVD tech-
niques [166,167,171,172].
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A Peculiar Type of BaTiO3:Fe
5.1 The Ferroelectric Archetype
BaTiO3 (BTO) is a ferroelectric perovskite with high dielectric constant1, which possesses
an ABO3 structure with A=Ba and B=Ti, as shown in ﬁgure 5.1.
Figure 5.1: BaTiO3 cubic unit cell.
According to Goldschimdt the perovskite stability is given by equation 5.1:
t =
rA + rO√
2 (rB + rO)
, (5.1)
1ǫr ≈ 4600 for a single crystal at room temperature (RT) [174]
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where rA, rB and rO are the ionic radii for the A, B and O ions respectively, and t ≈ 1 deﬁnes
a perfect perovskite. When t > 1 a small distortion at the O6 octahedra is created, which for
the BaTiO3 case results in a net polarization [175].
Barium titanate has three ferroelectric phases below its Curie temperature, as shown
in ﬁgure 5.2. Its cubic paraelectric phase has a Pm3¯m structure that, at TC = 393K,
changes to its P4mm tetragonal ferroelectric phase. This phase has a spontaneous polarization
Ps = 27µC.cm−2 in the [001] direction. At T ≈ 273K there is a transition to an orthorhombic
phase (Amm2) with a spontaneous polarization Ps = 36µC.cm−2 along the [011] direction,
and ﬁnally at T ≈ 190K it changes to its rhombohedral phase (R3m) with a spontaneous
polarization of Ps = 33µC.cm−2 along the [111] direction [176, 177]. BaTiO3 also has a
hexagonal phase at T ≈ 1853K [178], right before its melting point temperature at T ≈ 1898K
[179].
Figure 5.2: BaTiO3 phase transitions and respective spontaneous polarization directions.
This ferroelectric archetype is well known for its uses in technological applications, being
a proper ferroelectric with appealing ferroelectric properties and which can be produced using
environment friendly and common non-critical raw materials.
5.1.1 BaTiO3 magnetic properties
Barium Titanate is a perovskite without very interesting magnetic properties. It is a
diamagnetic material with a typical magnetic susceptibility of χdmag ≈ −10−7 emu/g [180],
therefore having a negative, almost temperature independent magnetization, as we can see in
ﬁgure 5.3.
The presence of extrinsic magnetic eﬀects in nanocrystalline BaTiO3, apart from its char-
acteristic intrinsic diamagnetism, has already been reported by R Pazik [180] and RVK Man-
galam [181], where a hysteretic ferromagnetic like curve is reported in an apparently pure
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Figure 5.3: BaTiO3 single crystal temperature dependent magnetization curve.
BTO. One of the presented arguments is that these magnetic eﬀects would be due to the exis-
tence of Ti3+ cations on the surface of barium titanate grains [180], however after estimating
the number of Ti3+ cations required to reproduce the magnetization values reported, we can
verify that such a proposition is not reasonable for the grain size reported by R Pazik and
RVK Mangalam (by a factor of 200) [182].
Another reason to justify a supposed ferromagnetism behaviour, pointed by RVK Man-
galam [181] and Z Zhang [183], would be due to the presence of oxygen vacancies in perovskites.
Yet, since their claims are based in very low magnetization signals, other scenarios as contam-
ination by magnetic ions should also be considered [184].
5.1.2 BaTiO3:Fe
Many studies were done where BaTiO3 was doped with transition metals. These stud-
ies were done due to BTO’s very appealing ferroelectric properties, hence being a suitable
candidate to be a multiferroic perovskite [185]. The addition of Fe, in particular, is a very
popular approach and there are many studies regarding the incorporation of this transition
metal, using diﬀerent concentrations, in a BaTiO3 ferroelectric system.
All these studies show that even for high Fe concentrations, the Fe atoms tend to occupy
substitutional positions in the BaTiO3 matrix either in the Ti sites (B site) or in the Ba
sites (A site), depending on the synthesis procedure [186]. The X-ray diﬀractograms of the
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studies above do not show segregation of any secondary phase containing Fe [185–190]; there
is however a distortion in the crystalline structure to the BaTiO3 hexagonal allotrope above
a certain threshold concentration because of the tensions caused by the Fe ions [187, 188].
This results in the degradation of BTO electric properties while not producing signiﬁcant
magnetoelectric couplings.
5.2 A Unique BaTiO3:Fe
To have a deeper understanding of the possible magnetic eﬀects present in BaTiO3, the
study of a nanocrystalline powder was performed. The preparation of the BaTiO3 compound
was done by the solid-state sintering method from TiO2 and BaCO3 99.9% grade reagents from
Merck. The heterogeneously mixed reagents had two stages of calcinations (one at 700◦C and
the other at 900◦C) and the resultant power was sintered at 1100◦C and 900◦C for about 40
and 20 hours respectively. Finally, the powder was pressed into a series of pellets to ease their
characterization. The following results/studies were already published in [2] and [2].
The pressed pellets were magnetically characterized using Quantum Design MPMS-5S
SQUID and MPMS3 SQUID-VSM instruments from 5 to 400K.
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Figure 5.4: BaTiO3 magnetization as a function of the temperature under ZFC/FC conditions.
From [2].
Figure 5.4 shows the temperature dependence of the magnetization plot of a BaTiO3
pellet. Surprisingly, instead of the expected pure diamagnetic behaviour, the magnetization
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has always a positive value. It is also possible to observe two magnetic anomalies at high
temperatures, and paramagnetic like behaviour at low temperatures.
Both anomalies occur above room temperature and suggest two transitions of magnetic
ordered phases. The ”strongest” transition occurs at 325K, also coinciding with the tempera-
ture where the ZFC 2 and FC 3 curves converge, while the smallest one occurs around 373K.
It should be noted that these two magnetic transitions are startlingly close to the temper-
atures where two ferroelectric phase transitions of BaTiO3 are known to occur (ﬁgure 5.2).
Additionally there is a faint anomaly near 190K, at the same temperature where the BTO
rhombohedral↔orthorhombic phase transition.
There is also a magnetic local maximum around 55K associated with the paramagnetic ↔
antiferromagnetic transition of O2, which can arise due to an air leak in the SQUID sample
chamber (as reported by the manufacturer [193]).
Element µg/g ppm (atomic)
Si 6800 11235
P 560 839
Cl 490 641
K 180 214
Ca 770 892
Fe 136 113
Table 5.1: PIXE results for the BaTiO3 pellet. Data obtained at CTN-IST [194].
As referred before, there should not be any plausible reason for a pure BTO sample to have
magnetic ordering, therefore, in order to look for the presence of magnetic trace elements, a
chemical analysis was performed resorting to PIXE spectroscopy. The results of this analysis,
presented in table 5.1, showed 113 ppm of Fe content. In fact, the Fe presence is justiﬁed by a
possible 60ppm Fe concentration in the reagents (Merck 101714 and 100808 Specs) [195,196], as
indicated in the speciﬁcations, and is a good candidate be the source of the atypical magnetic
2Zero Field Cooling – measurement procedure where we cool the sample without applying any external
magnetic field. At the lowest temperature, a constant external magnetic field is applied to the sample and
then measure the M-T curve while rising the temperature [191,192].
3Field Cooling – measurement procedure where we cool the sample while applying the external magnetic
field that will be used during the data acquisition stage. Then we measure the M-T curve while rising the
temperature with the same external magnetic field [191,192].
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curve shown in ﬁgure 5.4.
These results triggered a more thorough experimental characterization of this particular
BTO compound, which will be presented in the following sections.
5.2.1 X-ray Diffraction
First, to check the quality of growth and phase purity of the BTO pellets, XRD was
performed using a Panalytical X’Pert Pro equipped with X’Celerator detector and secondary
monochromator for λ(Cu Kα1) = 1.5405(98)Å at room temperature.
The results obtained are shown in ﬁgure 5.5. Additionally, after identifying the crystalline
phases present in the BTO pellet, Rietveld reﬁnements of the XRD data were done using the
software Powder Cell 2.4 to quantify the phases present. The results are summarized in table
5.2.
Figure 5.5: Barium Titanate room temperature diﬀractogram and its Rietveld reﬁnement.
From [2].
Two diﬀerent phases of Barium Titanate, 83% of tetragonal BaTiO3 and a 10% of or-
Lattice parameter (Å) R-factor
Phase Crystal system Symmetry a b c fraction (%) Crystallite (nm) Rp Rwp Rexp
BaTiO3 tetragonal 99 3.9993 3.9993 4.0241 83 108 4.97 6.87 3.68
orthorhombic 38 3.9947 5.6768 5.6722 10 234 4.97 6.87 3.68
BaCO3 orthorhombic 62 6.5340 5.2458 8.9371 7 37 4.97 6.87 3.68
Table 5.2: Summary of the Rietveld analysis for the XRD data of the BTO pellet.
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thorhombic BaTiO3 were detected, both with a crystallite size of ' 100nm. This phase mixing
comes from the shifting in temperature of the phase transitions in certain grains [197–200].
All impurities peaks belong to BaCO3 in a 7% fraction, whose diminutive presence does not
interfere with BaTiO3 ferroelectric properties. As expected, the small concentration of Fe is
undetectable in the diﬀractogram, which means that the global macroscopic structural prop-
erties are governed by the BTO lattice.
5.2.2 BaTiO3:Fe113ppm magnetic properties
Looking closely to the lower temperature regime of the magnetic curve of ﬁgure 5.4. It is
possible to separate the observed paramagnetic behaviour, evident at T < 50K, in the Field
Cooled curve, by ﬁtting a Curie curve according to equation 5.2 in the interval T ∈ [5, 300]K.
M =
C
T
+AT
3/2 +B . (5.2)
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Figure 5.6: M(T) of BaTiO3 with 113 ppm of Fe showing the ordered and paramagnetic
behaviours as two separate components. Adapted from [2].
The second term of (5.2) is assigned to the total ordered behaviour, in the same temper-
ature interval, considering the spin waves magnetization as a function of temperature. The
points at the O2 peak (T≈ 55K), as well as their neighbouring points, were not considered
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in the ﬁt to enhance the quality of the Curie law ﬁt. Figure 5.6 shows the paramagnetic
contribution to the magnetization, obtained using (5.2) and the remaining contribution due
to cooperative phenomena.
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Figure 5.7: [M − MS ]2 vs T around the 325K and 373K magnetic anomalies. Adapted
from [2].
From the Curie constant (equation 2.64) the product NJ(J +1) is obtained. Considering
that the magnetic ordered behaviours are due to Fe, a transition metal, it is reasonable to
assume the orbital quenching of Fe atoms and this product can be written as NS(S + 1).
Now, considering the Fe3+ valence (J = S = 5/2) a concentration of 39 ppm of diluted
paramagnetic atoms is obtained, while for Fe2+ valence (S = 2) a concentration of 56 ppm of
dilute paramagnetic atoms. This reasoning leaves about 74 ppm or 57 ppm respectively in an
ordered magnetic phase(s) associated with Fe.
Using a spontaneous magnetization Landau model based on equation 2.72, and represent-
ing the magnetization of ﬁgure 5.6 as [M −MS ]2 vs T, it is possible to determine the TC’s
of the ordered magnetic phases. For the lower temperature transition, using a spontaneous
magnetization MS1 ≈M(350K) and ﬁtting the linear part of ﬁgure 5.7 left plot, a TC ≈ 328K
is obtained. Analogously using a MS2 ≈ M(400K) a TC ≈ 373K is obtained for the higher
temperature transition, when the linear part of ﬁgure 5.7 right plot is ﬁtted.
Figure 5.8 shows the magnetization of the BTO:Fe pellet as a function of the magnetic ﬁeld
after removing the diamagnetic component. To infer the diamagnetic contribution, the slope
of the high ﬁeld data points of the 400K M-H was determined, and it was assumed that this
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Figure 5.8: M(H) of the pellet of BaTiO3 with 113 ppm of Fe at 5K. The horizontal coloured
lines represent the maximum possible magnetization values for several scenarios considering
the 113 ppm of Fe ions.
component would remain constant through all temperatures. Figure 5.8 also shows the maxi-
mum possible magnetization values considering that all 113 ppm of iron are completely aligned
with the magnetic ﬁeld4, M = Msat, for the S = 5/2 or S = 2 cases. The expected magne-
tization values considering a Brillouin function, M = MsatB5/2(5T ) and M = MsatB2(5T ),
are also represented in ﬁgure 5.8.
As expected, the value of magnetization for 5T, which is close to saturation, is in the same
order of magnitude as the maximum possible values considering the amount of iron obtained
by PIXE spectroscopy.
Figure 5.9 presents the low ﬁeld detail of the magnetic ﬁeld dependence measured at
temperatures from 10-400K, between ±70 kOe (7T) (only in the decreasing ﬁeld branch).
The values are normalized to the Fe weight after subtracting the diamagnetic component of
its host matrix.
Figure 5.9 shows that there are temperature dependent remanent magnetization and co-
ercive ﬁeld (that can reach about 170Oe at 10K). The dependence of the remanent magne-
tization with the temperature is displayed in the inset of ﬁgure 5.9. This inset proves that
4This corresponds to the saturation magnetization and is defined as Msat = |M(H = ±∞)|
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the transitions seen in ﬁgure 5.6 are indeed related to spontaneous/remanent magnetization
changes instead of mere susceptibility changes. The spontaneous magnetization changes are
quite signiﬁcant, reaching ∆M/M ≈ 14% for the high temperature transition and ∆M/M ≈ 32%
for the lower temperature transition.
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5.2.3 Raman Spectroscopy
As previously stated, the two magnetic anomalies detected around 325K and 373K are
suspiciously near the BaTiO3 Ferroelectric phase transitions (273K and 393K for a BaTiO3
single crystal) [174]. Given Raman spectroscopy’s sensitivity to the polarizability tensor, to
analyse the correlation of the magnetization anomalies with BaTiO3 ferroelectric properties,
Raman spectroscopy measurements were performed in the range 250-760 cm−1, using a Jobin
Yvon 64000 Raman spectrometer and a 532 nm laser as incident radiation from 77 to 465K.
Figure 5.10 shows the temperature dependence of two Raman active vibrational modes,
the 520 cm−1 [E(TO) + A1(TO)] and 487 cm−1 [E(LO) + A1(TO) + E(TO)]. These are the
most adequate vibrational modes to identify the ferroelectric phase transitions of BaTiO3. In
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particular, the 487 cm−1 mode is known to vanish in the orthorhombic→ tetragonal transition
[201–204]. This was conﬁrmed by the observation of a reference sample, a BaTiO3 single
crystal purchased from MaTeck and whose 487 cm−1 mode disappears around the typical
orthorhombic → tetragonal transition temperature (ﬁgure 5.10) [174].
510
515
520
525
530
484
485
486
487
0.0
2.0k
4.0k
6.0k
100 150 200 250 300 350 400 450
483
485
487
 BaTiO3:Fe Pellet 520 cm-1
En
er
gy
 (c
m
-1
)
-0.2
-0.1
0.0
dE
/d
T
 BaTiO3:Fe Pellet 520 cm-1
En
er
gy
 (c
m
-1
)
 BaTiO3:Fe Pellet 487 cm-1
 BaTiO3:Fe
 Pellet 487 cm-1 AreaA
re
a 
(a
.u
.)
En
er
gy
 (c
m
-1
)
T (K)
 BaTiO3 
Single Crystal 487cm-1
Figure 5.10: Temperature dependence of the Raman active modes near 520 cm−1 and
487 cm−1 of polycrystalline BaTiO3 and a BaTiO3 single crystal reference. From [2].
Analysing the 487 cm−1 mode of the pellet sample, which is seen to vanish around 320K,
it is possible to determine when the BaTiO3 is exclusively in its tetragonal phase. For this
reason we conﬁrm the assigning the magnetic anomaly seen around 325K (ﬁgure 5.4) with
the BaTiO3 orthorhombic ↔ tetragonal transition.
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It is also perceptible that around the temperature where this mode disappears in the single
crystal (T =≈ 280K, there is an accentuated decrease in the intensity of the mode’s intensity
in the polycrystalline sample. This suggests that a portion of the sample has already changed
its phase to the tetragonal structure, in good agreement with the pellet XRD that shows a
coexistence of both BaTiO3 phases (common in nanocrystalline BTO [197–199]).
Analysing now the 520 cm−1 mode, it is perceptible that its energy decreases gradually as
the temperature increases, with abrupt changes at speciﬁc temperatures. To have a better
perception of these changes, the ∂E/∂T plot is also presented in ﬁgure 5.10. The most evident
is indubitably the one around 380K which is associated to the magnetic anomaly seen around
373K and is attributed to the tetragonal ↔ Cubic transition.
The Raman spectra also gives information about BTO’s lowest ferroelectric phase transi-
tion temperature. The intensity of the 487 cm−1 vibrational mode (area plot of ﬁgure 5.10)
shows that around 192K the intensity starts to decrease which is a characteristic of the
rhombohedral ↔ orthorhombic transition, and matches with anomalies in the 520cm−1 mode
around the same temperature). The faint (and broad) anomaly in the magnetization M(T)
curve near 190K may be related to this.
Combining the Raman spectroscopy and the magnetometry results, it is therefore possible
to correlate the two magnetic anomalies around 373K and 325K with the BaTiO3 tetrag-
onal ↔ cubic and orthorhombic ↔ tetragonal ferroelectric phase transitions, respectively.
Therefore, we can conclude that we are before an above room temperature magnetoelectric
multiferroic compound. Using the same methodology as Duan et al. [205], relating the mag-
netization change with the electrical coercive ﬁeld, to estimate the magnetoelectric coupling
α ≈ µ0∆M/EC we arrive to a value α ≈ 5× 10−3G.cm/V.
5.3 Searching Fe preferred coalescing sites
The amount of iron present in the BTO pellets corresponds to such a tiny concentration,
113 ppm, that one would expect the homogeneous dilution of the Fe atoms through the barium
titanate matrix. In fact Sugata Ray et al. report in their ab initio calculations, for concen-
trations of about 1% (100 times higher than in our case), that Fe ions were homogeneously
diluted across the host matrix [206].
Since we observe a magnetic ordered behaviour induced by the ferroelectric phase transi-
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tions we can suppose that the existent Fe atoms ”prefer” to be at least partially segregated in
regions that favour cooperative magnetic interactions, instead of remaining loosely dispersed
in the BaTiO3 matrix.
5.3.1 SEM/EDS mapping and Fe statistical distribution
To infer this conjecture, a detailed SEM/EDS mapping was performed. The SEM/EDS
map was done by a HR-SEM-SE/EDS with a Hitachi SU-70 as the SEM part and a Bruker
QUANTAX 400 as the EDS part. Due to the lower limit of detection of the EDS technique
being well above the 113 ppm obtained in the PIXE, one would expect to detect the iron using
EDS only if it was concentrated in particular limited sites, with increased Fe local microscopic
concentration.
103 regions were measured, each with an area of about 1150 µm2 with an average value
of Fe concentration of x¯ ≈ 0.068% and σ¯ ≈ 0.022%. The 20 areas represented by pink dots
in ﬁgure 5.11 signal the regions where Fe was detected with a 3σ conﬁdence, and show where
these ions have congregated.
0.068 0.204 0.340 0.476 0.6120.000 0.136 0.272 0.408 0.544
0
4
8
12
16
20
24
28
32
36
40
44
48
52 Fe% distribution vs Random Distribution
C
ou
nt
s
Fe%
 Random Distribution =0.39
 Fe Distribution
Figure 5.11: Comparison between the observed Fe concentration distribution and its corre-
spondent Poisson random distribution (binning = x¯). The inset shows the areas where EDS
was performed (+ symbol). Pink dots indicate the regions where Fe was detected with a 3σ
conﬁdence. From [2].
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Figure 5.11 also presents the observed Fe concentration distribution. Comparing the statis-
tical display of the results obtained in the EDS map with an analogous random distribution,
it is conﬁrmed that the Fe ions aren’t distributed randomly, favouring certain locations to
coalesce in higher concentrations.
The statistical distribution of Fe concentration obtained experimentally suggests a super-
position of two distributions: one leading to Poisson distribution with λ = 0.39x¯, associated
with the homogeneous paramagnetic ions and the random nature of the statistical measure-
ment, and an inhomogeneous distribution of Fe. It should be stressed that the probability of
ﬁnding both 8x¯ and 9x¯ concentrations in such a random distribution is 1 in 3× 1017. To have
a more concrete idea of the meaning of this probability, its value represents an event about 20
times more unlikely than winning the ﬁrst prize of the ”EuroMillions” lottery twice in a row.
A quantitative analysis of the excess values of the real Fe distribution, when compared
with the Poisson distribution, shows that about 82% of Fe belongs to the inhomogeneous co-
operative distribution and 18% belongs to the random paramagnetic arrangement. This result
corroborates the estimate made from the Paramagnetic behaviour of higher Fe concentration
in the ordered phase, closer to the S = 5/2 scenario.
Nevertheless, the mere segregation of Fe atoms does not justify the correlation between
magnetic and ferroelectric phase transitions. Actually, this is quite bizarre since in stud-
ies using Fe doped BaTiO3, even for concentrations as high as 1% (concentration 100×
higher than in our case) [206], 3.5% (350×) [185], 5% (500×) [190, 206], 7%, 15%, 30%, 70%
(700×, 1500×, 3000×, 7000×) [186] and even for 75% (7500×) [207] their M-T curve is insen-
sitive to the BaTiO3 ferroelectric transitions. This means that more than the ammount of
Fe segregated, where and how it segregates takes a preponderant role in the magnetoelectric
coupling here reported [2].
There are several studies demonstrating the tendency for the Fe ions to diﬀuse into speciﬁc
places. F. Figueiredo et al. showed that in CaTiO3 – a perovskite similar to BaTiO3 – Fe
ions tend to diﬀuse to the grain boundaries, resulting in core-shell structured grains where
the core is constituted of practically pure CaTiO3 while the shell is an Fe rich phase of
CaTi1−xO3Fex [208].
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5.3.2 Thermal annealing stability
These kind of speciﬁc segregations are also observed in La0.95Sr0.05Ga0.90Mg0.10O3−δ
(LSGM) ceramics, where once again, we can perceive that Fe ions tend to accumulate in the
grain boundaries (/ 1%) whereas the interior of the grains maintain an approximately Fe free
LSGM composition [209]. Such an eﬀect behaves diﬀerently depending on parameters such
as the grain size and thermal treatments; it is perceptible that for a high enough thermal
treatment the Fe dilutes homogeneously all over the sample [209,210]. To check the stability
of the magnetic phases with the temperature, we have also made thermal treatments to our
polycrystalline BaTiO3:Fe, as it is presented in ﬁgure 5.12.
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Figure 5.12: M(T) of BaTiO3:Fe for several annealing temperatures. Adapted from [3].
The thermal annealings were done in a cumulative way, which means that the higher ther-
mal treatments were done after the lower temperature thermal treatments. It is possible to see
that, as we increase the annealing temperature, there is a decrease in the higher temperature
magnetic ordered phase (the one from the TC ≈ 373K, as well as a decrease of the intrinsic
spontaneous magnetization which had existed even at M(400K). On the other hand, there
is an increase in the quantity and the slope of the magnetic transition induced by the or-
thorhombic ↔ tetragonal ferroelectric phase transition. However, when the annealing reaches
1300◦C the iron is irreversibly diluted all over the sample, as in Ref [209, 210], resulting in a
pure paramagnetic behaviour of the Fe ions [3].
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5.3.3 The role of BaTiO3 grain boundaries
To ascertain the importance of the grain boundaries in the Magnetoelectric eﬀect that
here reported, ion implantation of 1% of Fe was made using a 100 keV 57Fe beam in a region
of 1.5 × 10−3mm3 (5mm× 3mm× 100 nm estimated by the TRIM program) on a BaTiO3
single crystal. Despite the higher concentration of Fe ions, the M-T curve was paramagnetic
like, and did not show any sensibility to the Barium Titanate phase transitions. On the other
hand, R.P. Borges et al. [211] have implanted 4% Fe concentration in BaTiO3 (in a region
identical to the one implanted by us) but even so no substantial magnetoelectric coupling was
reported, apart from a small thermal hysteresis perceptible around the Ferroelectric phase
transitions (∆M/M ≤ 2.8%).
Such results suggest a preponderant role of grain boundaries, not only for the Fe seg-
regation, but also for the mechanism behind the magnetoelectric coupling. To validate the
conjecture that special sites in the grain boundaries should play a meaningful role in the re-
ported magnetoelectric coupling, a thorough STEM/EDS study was performed to analyse the
element distribution in more conﬁned scales. The STEM/EDS study was carried out by a
HR-TEM200-SE/EDS: HR-(EF)TEM JEOL, 2200FS and Oxford INCA Energy TEM 250.
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Figure 5.13a shows an STEM image of a BaTiO3 grain and its grain boundaries. An EDS
analysis was performed along a line of points across the grain boundary, labelled from 1-9,
each one separated of about 13 nm.
In Figure 5.13b the EDS results for Fe, Ba and Ti are presented. One can clearly observe
a sudden variation of Fe concentration from about 0% to about 0.09%. This increase happens
exactly in the grains interface, as can be seen in points 5-7 of ﬁgure 5.13a.
Fluctuations in the concentration are observed, resulting from a σ ≈ 0.037% of each
individual analysis’ ﬁt. The increase of Fe concentration at the interface is clearly well beyond
statistical uncertainties. On the other hand, the relative variation of Ti and Ba concentrations
ﬂuctuate around the average, hence indicating that the BaTiO3 itself is homogeneous.
We are therefore led to infer that Fe is not homogeneously distributed, but partially present
in aggregates at the interfaces between grains. These are large enough to support coopera-
tive magnetic behaviour, in close contact with the BaTiO3 matrix, supporting the observed
magnetoelectric coupling.
5.4 Final considerations about BaTiO3:Fe113ppm
Our results show that we are before a quite peculiar type of BaTiO3:Fe with a close en-
tanglement between magnetic and ferroelectric properties. However, the observed mechanism
behind the magnetoelectric coupling is still unclear.
Since Fe is strongly correlated with the BaTiO3 matrix, it is quite improbable that this
ferromagnetic element is in its metallic form, being instead in an oxidized FexOyTizBaw con-
ﬁguration.
As a matter of fact, many experimental and ab initio evidences demonstrate that an
electric displacement, ~D, creates a buﬀer oxide between a Fe/BaTiO3 interface [212–215]. The
creation of such an oxide can be non-homogeneous, where diﬀerent ~D can lead to diﬀerent
oxide conﬁgurations (either magnetic, non-magnetic or a mixture of both).
Experimental results show that the fraction of magnetic oxides tends to disappear for
high values of ~D, an eﬀect that is reversible if ~D is not too high, resulting in the variation
of the coercive magnetic ﬁeld (Hc) with ~D [212, 213]. Such eﬀects can occur due to the
inherent polarization, ~P , of the BaTiO3 ferroelectric domains and therefore diﬀerent oxides
conﬁgurations would be present for the diﬀerent ferroelectric phase transitions [213,215].
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Considering the hypothesis where the Fe ions are concentrated in/between grain bound-
aries, we could interpret this arrangement as a composite of an Fe rich phase interface with
the BaTiO3 matrix. Such composites conﬁgurations have been widely studied since CG Duan
et al. made DFT calculations of Fe/BaTiO3 multilayers where the authors show a Magneto-
electric coupling due to the diﬀerent character of the chemical bonds between the interface
atoms for each possible polarization of the tetragonal BaTiO3 (~P↓ and ~P↑) [205].
These multilayer DFT studies, as well as experimental ones, were also carried by other
groups which not only studied the Fe/BaTiO3 layout [205, 216–218] but also iron oxides in-
terfaces like the Fe3O4/BaTiO3 composite. This composite also exhibits a magnetoelectric
coupling [219–221], supporting the conjecture of a BaTiO3/FexOyTizBaw/BaTiO3 interface
as the responsible for our results.
In these composites the polarization of the diﬀerent ferroelectric phases of Barium Ti-
tanate induces diﬀerent charge/electron densities near the interface which leads to distinct
kinds of hybridization between the Fe ions and the BaTiO3. For magnetite, an insulator iron
oxide, the polarization eﬀects do not suﬀer from screening eﬀects, being able to enhance its
inﬂuence in the local bonds of this composite [219]. This diversity of results suggests that
a BaTiO3/FexOyTizBaw/BaTiO3 interface may present a rich variety of relations between
magnetic and ferroelectric properties.
The hybridization between the interface atoms usually plays a crucial role in the magneto-
electric eﬀect and although a change in polarization might not modify the magnetic moments
of the Fe ions themselves [205, 215, 217, 218, 222], the moments of the Ti and O atoms can
change considerably, either by direct or indirect hybridization with the Fe atoms. For Fe3O4,
in particular, the occurrence of Oxygen vacancies favours the magnitude of the magnetoelec-
tric coupling given the resulting valences and wave functions distributions that arise from
these vacancies [219].
R. Radaelli et al. demonstrated that the chemical bonds between BTO and the iron oxide,
namely the Fe–O–Fe angle, will dictate the nature of the magnetic cooperative behaviour in
this interface [213]. When the polarization is pointing towards the iron oxide (~P↑) there will be
a ferromagnetic behaviour, while for ~P↓ the ordered phase is antiferromagnetic; which leads to
one of the largest magnetoelectric couplings reported in the literature (α = 2×10−9Gcm2/V).
Supposing that we have a similar eﬀect in our results, this could mean that for T ≤ 325K
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we could have a summation of two components Mtotal = Moxide1(FM) +Moxide2(FM) and for
T > 325K we would have Mtotal = Moxide1(AFM) +Moxide2(FM) which could justify the higher
change in magnetization reported in our work.
In addition to what we discuss above, we cannot exclude the contribution from strain
eﬀects that arise from the magnetostriction caused by the piezoelectric eﬀect native of the
BaTiO3 matrix inherent of the ferroelectric phase transitions or solely due to the structural
changes themselves [223]. These eﬀects are reported experimentally in both the Fe/BaTiO3
interface [224] and the Fe3O4/BaTiO3 interface [220,221] and can be seen in the M-T curves
of interfaces, where abrupt changes in the magnetization around the ferroelectric phase transi-
tions occur. These interfaces have diﬀerent mismatches and distortions in the interface atoms
and consequently diﬀerent magnetic anisotropies [220–222,224].
The diﬀerent polarizations vectors can change the length of the chemical bonds and there-
fore the magneto-crystalline anisotropy is aﬀected [205, 217, 218]. Ultimately these alter-
ations in the anisotropy energy between the diﬀerent BaTiO3 ferroelectric phases culminates
in changes of the coercive ﬁelds and remanent magnetizations [220,222,224].
According to these strains eﬀects one should expect a higher magnetoelectric eﬀect from
the R↔O transition [220, 225] (∆M/M ≈ 25% for the Fe/BaTiO3 interface and ∆M/M ≈
2.2% for the Fe3O4/BaTiO3 interface [221, 224]), which we do not observe. However in the
Fe3O4/BaTiO3 interface C. Vaz et al. (S Sahoo et al. for the Fe/BaTiO3 interface) reports
that for diﬀerent magnetic ﬁelds the variation of magnetization can either be positive or
negative. This means that, for the particular situation where these interfaces would appear
to be non-arbitrarily oriented, the summation could result in an insigniﬁcant change of the
magnetization for the R↔O transition whereas in the O↔T transition the result could be
sizeable [220, 221]. H Tian et al. also justify this concealing of the R↔O transition from
the diﬀerent disposition of the BaTiO3 ferroelectric domains [220]. These observations may
explain why the change in magnetization at the R↔O transition is mild.
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Chapter 6
DFT Modeling of BaTiO3(001)/Fe
interfaces
As stated in chapter 5, the magnetoelectric mechanism behind the clear correlation between
the ferroelectric phase transitions of BaTiO3 and the Fe magnetic transitions is still unclear.
In the same chapter it was shown that the grain boundaries must play a preponderant role
in this mysterious magnetoelectric coupling, thus it is natural to attribute such coupling to
interface eﬀects.
Following this line of thought, a general study based on DFT calculations was done con-
sidering unit cells containing interfaces of BTO and Fe. This study was based in the Duan and
Tsymbal’s work [205], where supercells composed of unit cells of body centred Fe in contact
with cubic and tetragonal unit cells of BTO were considered.
In this thesis, due to time and computational constrains, only the eﬀects at the inter-
faces of supercells composed of a single unit cell of BaTiO3 and a monolayer of Fe atoms
were considered. The density functional theory calculations were performed using the Vienna
ab-initio simulation package, VASP [226] (version 5.4.1) , which implements the projector aug-
mented wave method [227]. The exchange correlation functional is the generalized gradient
approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) parametrization [32].
The study was done considering several physical quantities as a function of a speciﬁc
distance, d, deﬁned as the total length of the considered supercell along the z axis. All cal-
culations were made allowing full atomic relaxation for all fractional coordinates, minimizing
the Hellmann-Feynman forces below a tolerance value of 0.02 eV/Å.
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6.1 BTO221_001/Fe and BTO99_001/Fe
6.1.1 BTO/1stFe
Firstly, we considered both a cubic and tetragonal BTO unit cells, here deﬁned as BTO221
and BTO99 respectively1. Figure 6.1 describes a supercell composed by a Fe monolayer
obtained by aligning its bcc [110] axis with the [001] axis of a cubic BTO unit cell, while
ﬁgure 6.2 shows the same Fe monolayer on top of a tetragonal BTO unit cell.
Figure 6.1: BTO221_001_1stFe supercell Figure 6.2: BTO99_001_1stFe supercell
The lattice constants a = b were considered to be ﬁxed to the experimental lattice constants
of BTO, a = aC = 4.0286 Å for the cubic unit cell and a = aT = 3.9925Å for the tetragonal
unit cell [174].
Each supercell has the two Fe atoms directly on top of the equatorial Oxygens of the
Ti2 atom (and directly below Ti1’s Oxygens). This Fe monolayer disposition will be des-
ignated as the 1stFe monolayer system, hence the supercells composed of the Fe monolayer
and the cubic or tetragonal BTO unit cells will be designated as BTO221_001_1stFe and
BTO99_001_1stFe respectively. The TiO2 layer was chosen as Barium Titanate’s termina-
1The 221 and 99 refer to the space group number of the BTO unit cell. Future BTO unit cells will also
have the number correspondent to its space group.
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tion layer since it has been shown that it the most probable termination in BaTiO3–Fe/FexOy
heterostructures [205,213].
The electronic self-consistent cycles were considered converged when the energy diﬀerences
between two iterations were less than 10−8 eV. A 8 × 8 × 4 k-points grid was considered for
the calculations in reciprocal space, and the cut-oﬀ energy for the plane waves was set as
500 eV. Before relaxation of the whole supercell, the initial BTO Ti1-Ti2 distance, as well
as all the fractional coordinates of the BTO unit cell were considered to be the same as the
corresponding bulk values.
To encompass diﬀerent magnetic arrangements of Fe, for each BTO initial structure the
cases of Fe ferromagnetic and antiferromagnetic input arrangements were considered2.
Figure 6.3 shows the binding energy of BTO221_001_1stFe as a function of the supercell
size along the z component, d, and which is deﬁned by equation 6.1:
EBinding = EBTO221_001_1stFe − (2EFe + EBa + 2ETi + 5EO) , (6.1)
where EBTO221_001_1stFe is the energy of the BTO221_001_1stFe supercell, and EFe, EBa,
ETi and EO are the energies of the individual Fe, Ba, Ti and O atoms respectively. The
energy of each individual atoms was determined by separately calculating the isolated atom
in a 1 nm3 vacuum box. The observation of the binding energy of both ferromagnetic and
antiferromagnetic input arrangements of the BTO221_001_1stFe interface demonstrates that
for d ∈ [6.1, 9]Å the FM input arrangement is energetically more favourable, while for d = 6Å
the AFM arrangement is the most favourable one.
This binding energy behaviour is actually quite similar to the BTO99_001_1stFe het-
erostructure behaviour, where the ferromagnetic arrangement is the most favourable for all
the considered d values, as it is possible to see in ﬁgure 6.4.
Analogously, for this structure the binding energy is deﬁned by equation 6.2:
EBinding = EBTO99_001_1stFe − (2EFe + EBa + 2ETi + 5EO) , (6.2)
2In this thesis I will be calling FM and AFM input arrangements, or just FM and AFM input, mostly to
the initial input of the magnetic configurations. When I want to refer to the actual result of the calculation,
which sometimes can differ from the initial input configurations, I will favour the usage of FM or AFM states
terminology. This approach will also hold for other possible magnetic configurations defined in the future.
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where EBTO99_001_1stFe is the energy of the BTO99_001_1stFe supercell.
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Figure 6.3: Binding energy for all the
considered magnetic arrangements of the
BTO221_001_1stFe supercell (cubic lat-
tice parameters).
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Figure 6.4: Binding energy for all the
considered magnetic arrangements of the
BTO99_001_1stFe supercell (tetragonal
lattice parameters).
Looking now at ﬁgures 6.5 and 6.6, it is possible to see that the total magnetic moments of
the BTO221_001_1stFe and BTO99_001_1stFe supercells are very similar. In fact, such a
conclusion is not that surprising since as one changes the value of d, the BTO221_001_1stFe
supercell will not contain a cubic BTO unit cell but a ”pseudo-cubic” unit cell. This pseudo-
cubic BTO unit cell is actually a tetragonal unit cell with the cubic a = b lattice parameters
and whose calculations were done using the initial cubic fractional coordinates.
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Figure 6.5: Total magnetic moment for
all the considered magnetic arrangements of
the BTO221_001_1stFe supercell.
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Figure 6.6: Total magnetic moment for
all the considered magnetic arrangements of
the BTO99_001_1stFe supercell.
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The ferromagnetic input arrangement of both tetragonal and pseudo-cubic supercells shows
a total magnetic moment around (4.2±0.4)µB for all its d values, except for d = 6.0Å, where
there is an abrupt decrease of the total magnetic moment. Figures 6.7 and 6.8 show the
detailed information about the magnetic moment for each individual atom. The Fe magnetic
moments can be diﬀerent from the typical m=2.2µB of the metallic Fe, depending on the
value of d (ﬁgure 6.7). The enhancement of the Fe magnetic moment was reported by Duan
et al. [205], which simulated the same exact BTO/Fe interfaces3 as the ones present in the
BTO221_001_1stFe and BTO99_001_1stFe supercells.
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Figure 6.7: Fe magnetic moments for the ferromagnetic input arrangement of
BTO221_001_1stFe (left) and BTO99_001_1stFe (right) supercells.
Duan considered the contact of Fe with both ends of a stack of tetragonal BTO unit cells
to emulate the switch of an electric ﬁeld originating from the up and down polarizations of
the tetragonal BTO. He reported an enhancement of the interface Fe magnetic moment (even
for ~P = 0), which would be diﬀerent for the up and down polarization.
This enhancement of the magnetic moments is also present here, in ﬁgure 6.7, hence the
reported change in the Fe magnetic moments is due to diﬀerent interatomic distances of the
considered supercell, which would be equivalent to diﬀerent values of d in the ferromagnetic
plots of ﬁgure 6.7. Additionally, ﬁgure 6.8 shows the induced magnetic moments in the O
3When I say interface, I am referring to the contact of the BTO TiO2 layer with the Fe layer. The supercell
used by Duan and the one here considered are actually different.
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Figure 6.8: Magnetic moments of all atoms, apart from Fe, for the ferromagnetic input ar-
rangement of BTO221_001_1stFe (left) and BTO99_001_1stFe (right) supercells.
(ferromagnetic to Fe) and Ti (antiferromagnetic to Fe) atoms, also reported by Duan et al.,
resulting in a more smooth change in the total magnetic moment as a function of d. For these
reasons, one could say that the ferromagnetic arrangement of both the BTO221_001_1stFe
and BTO99_001_1stFe supercells reproduce fairly well the main results from the work of
Duan et al..
Nevertheless, let’s consider the AFM initial arrangement of the BTO221_001_1stFe and
BTO99_001_1stFe supercells (ﬁgures 6.9 and 6.10).
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Figure 6.9: Fe magnetic moments for the antiferromagnetic input arrangement of
BTO221_001_1stFe (left) and BTO99_001_1stFe (right) supercells.
For d ≥ 6.5Å the Fe atoms are in a perfect (or at least close to perfect) antiferromagnetic
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Figure 6.10: Magnetic moments of all atoms, apart from Fe, for the antiferromagnetic input
arrangement of BTO221_001_1stFe (left) and BTO99_001_1stFe (right) supercells.
state4 with m ≈ |2.0|µB, and whose absolute values have a slightly positive slope. Similarly to
the FM case, the equatorial Oxygens have an induced magnetic moment, below |0.1|µB, which
are ferromagnetically aligned to its closest Fe atom. Their magnetic moment value decreases
with the increase of d.
For d ≤ 6.5Å there is a clear distinction in the behaviour of the BTO221_001_1stFe
and BTO99_001_1stFe supercells. While for the BTO99_001_1stFe the magnetic moments
follow the trend seen at d ≥ 6.5Å, in BTO221_001_1stFe there is a sharp decrease of the
Fe absolute magnetic moment and of its corresponding induced Oxygen’s moments, till their
complete quench at d = 6.0Å. Note that d = 6.0Å is the special point where the AFM arrange-
ment is energetically more favourable than the FM arrangement in the BTO221_001_1stFe
supercell. In fact, after a careful observation, one can infer that the BTO99_001_1stFe_AFM
magnetic properties correspond to the BTO221_001_1stFe_AFM curves shifted to the left
(lower d), hence, it could be expected that the quench of the Fe magnetic moment would
appear for a value of d low enough. Conversely the BTO99_001_1stFe_FM magnetic prop-
erties correspond to the BTO221_001_1stFe_FM curves shifted to the right (higher d). Note
that the binding energy of BTO99_001_1stFe_FM is quite close to the binding energy of
BTO221_001_1stFe_AFM at d = 6.0Å, point where both have the quench of the magnetic
moments.
4In this manuscript the expression perfect antiferromagnetic state will be used several times when referring
to a AFM state whose opposing magnetic moments have the same magnitude, thus having Mtotal = 0.
115
DFT Modeling of BaTiO3(001)/Fe interfaces
-7 -6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6
-14
-12
-10
-8
-6
-4
-2
0
2
4
6
8
10
D
en
si
ty
 o
f S
ta
te
s
E - EF (eV)
 total
 Fe1
 Fe2
 Ba
 Ti1
 Ti2
 O1
 O2
 O3
 O4
 O5
BTO221_1stFe_FM_d=7.8
Figure 6.11: Density of states of
BTO221_001_1stFe_FM at d = 7.8Å.
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Figure 6.12: Density of states of
BTO99_001_1stFe_FM at d = 7.8Å.
-2
-1
0
1
2
3
-1.0
-0.5
0.0
0.5
1.0
-7 -6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6
-2.0
-1.5
-1.0
-0.5
0.0
0.5
1.0
BTO221_1stFe_FM_d=7.8
D
en
si
ty
 o
f S
ta
te
s
 Fe1
 Fe2
D
en
si
ty
 o
f S
ta
te
s
 Ti1
 Ti2
D
en
si
ty
 o
f S
ta
te
s
E - EF (eV)
 O1
 O2
 O3
 O4
 O5
Figure 6.13: Fe, Ti and O density of states
of BTO221_001_1stFe_FM at d = 7.8Å.
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Figure 6.14: Fe, Ti and O density of states
of BTO99_001_1stFe_FM at d = 7.8Å.
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From the previous results, it is possible to identify three families of magnetic behaviours
in BTO221_001_1stFe and BTO99_001_1stFe supercells: a FM state with Fe magnetic
moments with the same magnitude and close to the metal value, a AFM state which cancels
the total magnetic moment of the supercell, and a state where all magnetic moments are
null. Figures 6.11 and 6.12 show the density of states (DOS) of the FM arrangement of both
supercells at d = 7.8Å. These ﬁgures show that immediately below the Fermi level, EF5, the
total density of states is clearly dominated by Fe’s DOS. For a more detailed presentation of
this physical quantity, the DOS of Fe, Ti and O are represented separately in ﬁgures 6.13 and
6.14. For this energy range Ba DOS are barely present, thus they are not represented here
with greater detail.
Figures 6.13 and 6.14 conﬁrm the FM state at d = 7.8Å, and show that both Fe1 and Fe2
have the same DOS distribution, with the majority of states being occupied by a preferencial
spin direction (up). Note that for both supercells the DOS are qualitatively the same.
Around -1 eV the down spins of Fe1 and Fe2 hybridise with the down spins of Ti1 and Ti2
atoms, explaining the induced magnetic moments of Ti atoms (antiferromagnetic to the Fe
majority spins) seen in ﬁgure 6.8.
Figure 6.15: A and B cross section planes considered in the charge density representation.
The A (green) plane is deﬁned by the intersection of the Fe1, Fe2, O1, O2, O3 and O4. The
B (blue) plane is deﬁned by the intersection of the Fe1, Fe2, Ti1, Ti2, O2, O4 and O5.
5Since DFT calculations are done assuming T=0K the Fermi energy and the Fermi level have the same
value.
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To have an intuitive visual representation of bondings and hybridizations, the charge den-
sity (ρTotal) and spin polarized (SP) charge density diﬀerence (ρ↑−ρ↓) will be presented across
the A and B cross section planes deﬁned in ﬁgure 6.15.
The BTO221_001_1stFe charge density and SP charge density diﬀerence for E-EF ∈
[−3, 0] eV at d = 7.8Å are presented in ﬁgure 6.16 (plane A) and 6.17 (plane B).
Figure 6.16: Charge density (left) and SP charge density diﬀerence (right) of the
BTO221_001_1stFe_FM for d = 7.8Å across plane A, calculated for E-EF ∈ [−3, 0] eV.
Figure 6.17: Charge density (left) and spin polarized charge density diﬀerence (right) of the
BTO221_001_1stFe_FM at d = 7.8Å across plane B, calculated for E-EF ∈ [−3, 0] eV.
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In the plane A (ﬁgure 6.16) it is possible to see that the electron density of Fe atoms do not
have any signiﬁcant superposition with the O electron density, in spite of the superposition
of DOS peaks around -2 eV. The diﬀerence of the spin polarized electron density conﬁrms the
ferromagnetic nature of the Fe and O atoms.
The charge density of plane B shows a clear hybridization between the Fe and Ti orbitals
(ﬁgure 6.17) as well as between the Ti and O atoms. In fact, in ﬁgure 6.13 there is the hy-
bridization of the Ti and O electrons around -2 eV . These hybridizations explain the induced
moments in Ti and O atoms seen in ﬁgure 6.8, as well as the enhancement of the Fe mag-
netic moments. The B plane SP charge diﬀerence conﬁrms Ti’s induced magneti moments,
antiparallel to the Fe moment.
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Figure 6.18: Density of states of
BTO221_001_1stFe_AFM at d = 7.5Å.
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Figure 6.19: Density of states of
BTO99_001_1stFe_AFM at d = 7.5Å.
Figures 6.18 and 6.19 show the density of states of the AFM arrangement of both supercells
for d = 7.5Å. Once again, the DOS around the Fermi level are dominated by the Fe DOS,
and the Ba DOS are negligible for the presented energy range. Figures 6.20 and 6.21 show a
more detailed presentation of Fe, Ti and O DOS.
At d = 7.5Å the DOS of BTO221_001_1stFe_AFM and BTO99_001_1stFe_AFM are
also identical, thus the following observations hold for both cases. Figure 6.20 shows that
there is a hybridization for Fe, Ti and O atoms near the Fermi level and around -0.5 eV and
-1.5 eV. However, in this case, while the Ti atoms have about the same up and down electron
DOS, each Fe atom has symmetric spin DOS with relation to each other, justifying their AFM
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nature (ﬁgure 6.9). Similarly ﬁgure 6.20 shows that O1 and O3 DOS are symmetric to to O2
and O4 DOS resulting in their AFM alignment (ﬁgure 6.10).
The absolute charge density shown in the A and B planes of ﬁgures 6.22 and 6.23 are
actually quite similar to the ones of BTO221_001_1stFe_FM at d = 7.8Å (ﬁgures 6.16 and
6.17), hence it is only possible to infer the magnetic nature of BTO221_001_1stFe_AFM’s
individual atoms at d = 7.5Å after looking at the SP charge density diﬀerence of ﬁgures 6.22
and 6.23.
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Figure 6.20: Fe, Ti and O density of states
of BTO221_001_1stFe_AFM at d = 7.5Å.
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Figure 6.21: Fe, Ti and O density of states
of BTO99_001_1stFe_AFM at d = 7.5Å.
The SP charge density diﬀerence of ﬁgure 6.22 clearly shows the opposite magnetic mo-
ments of Fe1 and Fe2. In the same plane it is also possible to observe that the O atoms have
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Figure 6.22: Charge density (left) and SP charge density diﬀerence (right) of the
BTO221_001_1stFe_AFM for d = 7.5Å across plane A, calculated for E-EF ∈ [−3, 0] eV.
an induced magnetic moment aligned with the Fe atom to whom they are adjacent.
On the other hand, the SP charge density diﬀerence of the B plane, shown in 6.23, conﬁrms
the close to null total magnetic moment of the Ti atoms6.
Figure 6.23: Charge density (left) and SP charge density diﬀerence (right) of the
BTO221_001_1stFe_AFM for d = 7.5Å across plane B, calculated for E-EF ∈ [−3, 0] eV.
6The slightly positive SP charge density difference can be due to small unbalances of the DOS values
characteristic from the calculation method precision.
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Figure 6.24: Density of states of
BTO221_001_1stFe_AFM at d = 6.0Å.
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Figure 6.25: Density of states of
BTO99_001_1stFe_AFM at d = 6.0Å.
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Figure 6.26: Fe, Ti and O density of states
of BTO221_001_1stFe_AFM at d = 6.0Å.
-3
-2
-1
0
1
2
3
-1.0
-0.5
0.0
0.5
1.0
-8 -7 -6 -5 -4 -3 -2 -1 0 1 2 3 4
-0.8
-0.6
-0.4
-0.2
0.0
0.2
0.4
0.6
0.8
D
en
si
ty
 o
f S
ta
te
s
 Fe1
 Fe2
D
en
si
ty
 o
f S
ta
te
s
 Ti1
 Ti2
BTO99_1stFe_AFM_d=6.0
 O4 
 O5
 O1 
 O2
 O3 
D
en
si
ty
 o
f S
ta
te
s
E - EF (eV)
Figure 6.27: Fe, Ti and O density of states
of BTO99_001_1stFe_AFM at d = 6.0Å.
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Let’s now look at BTO221_001_1stFe_AFM and BTO99_001_1stFe_AFM at d = 6.0Å.
It is expected that for BTO99_001_1stFe_AFM there is an AFM state such as the one
observed for d = 7.5Å. This fact is conﬁrmed by the DOS of ﬁgures 6.25 and 6.27, which apart
from some quantitative diﬀerences, have the same qualitative features, namely the symmetric
DOS of the Fe atoms, the symmetric DOS of the O atoms, and the balanced up and down
DOS in each Ti atom.
Figure 6.28: Top view of the evolution of the BTO221_001_1stFe_AFM supercell as a func-
tion of d.
Figure 6.29: A’ and B’ cross section planes considered in the charge density representation.
The A’ (green) plane is deﬁned by the interception of the Fe1, O1, O2, O3 and O4. The B’
(blue) plane is deﬁned by the intersection of the Fe1, Fe2, Ti1, Ti2, O2, O4 and O5.
From the observation of the individual magnetic moments of BTO221_001_1stFe_AFM’s
atoms (ﬁgures 6.9 and 6.10), a quench of each atom’s magnetic moment is expected. Figures
6.24 and 6.26 conﬁrm this expectation, since the DOS of each atom have exactly the same
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number of up and down spin electrons. Moreover the DOS presented in ﬁgures 6.24 and 6.26
also show the opening of an energy gap of about 200meV degenerating the previously metallic
(or semimetallic) character of the supercell into a p-type semiconductor.
Figure 6.30: Charge density (left) and SP charge density diﬀerence (right) of the
BTO221_001_1stFe_AFM for d = 6.0Å across plane A’, calculated for E-EF ∈ [−3, 0] eV.
Figure 6.31: Charge density (left) and SP charge density diﬀerence (right) of the
BTO221_001_1stFe_AFM at d = 6.0Å across plane B’, calculated for E-EF ∈ [−3, 0] eV.
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Figure 6.28 shows the top view of the BTO221_001_1stFe_AFM supercell for diﬀerent
values of d. While for d ≥ 6.6Å the fractional coordinates remain approximately equal to the
initial structure (ﬁgure 6.1), at d = 6.5Å a distortion of the Fe atoms begins to take place.
Note that d = 6.5Å is the ﬁrst point of the abrupt decrease of Fe individual magnetic moments
(ﬁgure 6.9). For even lower values of d it is possible to see larger distortions of the Fe atoms
till the point of a complete change of symmetry at d = 6.0Å point where it is observed the
complete quench of all magnetic moments (ﬁgures 6.9 and 6.10).
Later, it will be veriﬁed that this new emplacement of the Fe atoms is the same as the
yet undeﬁned 2ndFe monolayer system. Therefore, to analyse the charge density of the new
atomic coordinates seen at d = 6.0Å, the A’ and B’ planes, deﬁned in ﬁgure 6.29, are used.
Figure 6.30 presents the A’ plane and shows that the Fe electrons tend to be as far as
possible from the O’s electrons, whereas the SP charge density diﬀerence shows the complete
annihilation of any magnetic moment. This extinction of all the magnetic moments is also
perceptible by observation of the SP charge density diﬀerence at the B’ plane of ﬁgure 6.31.
The charge density seen in the B’ plane shows a considerable superposition of the Fe and Ti
electrons.
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Figure 6.32: Density of states of
BTO221_001_1stFe_FM at d = 6.0Å.
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Figure 6.33: Density of states of
BTO99_001_1stFe_FM at d = 6.0Å.
Finally, the DOS of BTO221_001_1stFe_FM and BTO99_001_1stFe_FM at d = 6.0Å
are shown in ﬁgures 6.32 and 6.33. At this value of d, the DOS of ﬁgure 6.32 diﬀer qual-
itatively from the DOS of ﬁgure 6.33, since the former presents unbalanced up and down
electrons, whereas the latter perfectly balances up and down electrons. As a matter of fact,
the BTO221_001_1stFe_FM at d = 6.0Å (ﬁgures 6.32 and 6.34) is in a intermediate state
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between the ferromagnetic state of BTO221_001_1stFe_FM at d ≥ 6.1Å and the null-spin
state present in BTO99_001_1stFe_FM at d = 6.0Å
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Figure 6.34: Fe, Ti and O density of states
of BTO221_001_1stFe_FM at d = 6.0Å.
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Figure 6.35: Fe, Ti and O density of states
of BTO99_001_1stFe_FM at d = 6.0Å.
Figures 6.33 and 6.35 show that the DOS of BTO99_001_1stFe_FM at d = 6.0Å are
identical to BTO221_001_1stFe_AFM for d = 6.0Å. In fact, in the former case the supercell
suﬀers the same structure changes as in the latter. Because of this feature, BTO99_001_1stFe-
_FM at d = 6.0Å has basically the same charge density and SP charge density diﬀerence as
BTO221_001_1stFe_AFM for d = 6.0Å, as it is possible conclude by the comparison of
ﬁgures 6.36 and 6.37 with 6.30 and 6.31.
126
6.1 BTO221_001/Fe and BTO99_001/Fe
Figure 6.36: Charge density (left) and SP charge density diﬀerence (right) of the
BTO99_001_1stFe_FM for d = 6.0Å across plane A’, calculated for E-EF ∈ [−3, 0] eV.
Figure 6.37: Charge density (left) and SP charge density diﬀerence (right) of the
BTO99_001_1stFe_FM for d = 6.0Å across plane B’, calculated for E-EF ∈ [−3, 0] eV.
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6.1.2 BTO/2ndFe
Another possible way of placing the Fe atoms on top of BTO unit cells is presented in
ﬁgures 6.38 and 6.39. In this case the supercells are deﬁned as BTO221_001_2ndFe (ﬁgure
6.38) and BTO99_001_2ndFe (ﬁgure 6.39) and each one has two Fe atoms on the corner and
centre positions of the supercell.
Figure 6.38: BTO221_001_2ndFe supercell Figure 6.39: BTO99_001_2ndFe supercell
Figure 6.40: Top view of the structural change from the initial BTO221_001_2ndFe at d =
7.5Å to its atomic relaxed structure. The last TiO2 layer of the left ﬁgure is not shown to
ease the comprehension of the structural displacements.
The study made in the 1stFe monolayer system was also done for the 2ndFe monolayer sys-
tem case using the same calculation methods and parameters. The only diﬀerence between the
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BTO221(99)_1stFe and the BTO221(99)_2ndFe supercells is solely the Fe initial positions.
In all considered values of d, for BTO221_001_2ndFe and BTO99_001_2ndFe, after
letting the supercell relax its Hellmann-Feynman forces below the tolerance value, the initial
fractional coordinates of Fe atoms suﬀer a displacement along one of the face diagonals of the
supercell, as illustrated in ﬁgure 6.40. As it is perceptible, the resultant structure is identical
to the BTO221_001_1stFe_AFM and BTO99_001_1stFe_FM at d = 6.0Å (where there
was a quench of all the magnetic moments).
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The binding energies of the BTO221_001_1stFe and BTO99_001_1sFe for both FM and
AFM initial input arrangements are shown in ﬁgure 6.41 and 6.42 respectively. Contrary
to the 1stFe monolayer system, in the 2ndFe monolayer system there is a distance d which
separates the range region where the FM arrangement is energetically more favourable from
the region where the AFM is more favourable. This point occurs at d = δT = 6.818Å for
BTO99_001_1sFe and d = δC = 6.827Å for BTO221_001_1sFe. Moreover, in both ﬁgures
6.41 and 6.44 it is perceptible, just by the observation of the energy curves, that there are
several diﬀerent behaviours in the AFM arrangement of the 2ndFe monolayer system.
Figures 6.43 and 6.44 show the total magnetic moment of the BTO221_001_2ndFe and
BTO99_001_2ndFe supercells for both FM and AFM input arrangements. The FM arrange-
ment of both "pseudo cubic" and tetragonal supercell presents a ferromagnetic state with an
overall magnetic moment of Mtotal ∈ [4, 4.5]µB for d ≥ 6.6Å, whereas for d < 6.6Å the total
magnetic moment vanishes.
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Figure 6.45: Fe magnetic moments for the ferromagnetic input arrangement of
BTO221_001_2ndFe (left) and BTO99_001_2ndFe (right) supercells.
The observation of ﬁgures 6.45 and 6.46 allows to infer that the FM state for d ≥ 6.6Å is
mainly due to the ferromagnetic Fe atoms, whose individual magnetic moments are enhanced
as d increases. The enhancement can reach magnetic moments as high as m ≈ 2.7µB/Featom
(ﬁgure 6.45), which nevertheless results in a Mtotal 6= 5.4µB due to the magnetic moments in-
duced in the Ti atoms being antiparallel to the Fe magnetic moments (ﬁgure 6.46). The
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Figure 6.46: Magnetic moments of all atoms, apart from Fe, for the ferromagnetic input
arrangement of BTO221_001_2ndFe (left) and BTO99_001_2ndFe (right) supercells.
induced moments in Ti can reach values as high as m ≈ 0.4µB/Tiatom, similar to the
BTO221(99)_1stFe case. The O atoms from the TiO2 layers also have an induced magnetic
moment, parallel to the Fe atoms, which can be as high as m ≈ 0.1µB/Oatom but contrarily
to Fe, its magnitude decreases as d increases.
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Figure 6.47: Fe magnetic moments for the antiferromagnetic input arrangement of
BTO221_001_2ndFe (left) and BTO99_001_2ndFe (right) supercells.
In ﬁgures 6.43 and 6.44, it is possible to see that the AFM input arrangement has three
families of magnetic behaviours. For d ≥ 7.8Å in the BTO221_001_2ndFe case or d ≥ 8.0Å
in the BTO99_001_2ndFe there is a null total magnetic moment. This magnetic moment
arises from the antiferromagnetic interaction of the Fe atoms which have exactly the same
opposing magnitude.
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Figure 6.48: Magnetic moments of all atoms, apart from Fe, for the antiferromagnetic input
arrangement of BTO221_001_2ndFe (left) and BTO99_001_2ndFe (right) supercells.
For 7.325 ≤ d < 7.8Å in the pseudo-cubic case and 7.2 ≤ d < 8.0Å in the tetragonal
case the Fe1 atom suﬀers a decrease in the magnitude of its magnetic moment and for this
reason the previously balanced antiferromagnetic state turns into an unbalanced ferrimagnetic
state with a total magnetic moment which can be as high as Mtotal ≈ 2µB. This FiM state
has the most negative binding energy from all the possible AFM states, thus being the most
energetically stable state assuming p = 0Pa. In this range there is also the inducement of
magnetic moments of the TiO2 layer’s atoms, where the Ti atoms are ferromagnetic to the
Fe1 atom and the O atoms ferromagnetic to the Fe2 atom.
The last family of magnetic behaviour occurs at d < 7.325Å and d < 7.2Å for the pseudo-
cubic and tetragonal supercells respectively. This particular state has all its atoms with null
magnetic moments, being therefore analogous to the quenched state previously seen in the
1stFe monolayer system for low d values. It is also veriﬁable that such a magnetic moment
quenching is also present for d ≤ 6.5Å in the BTO221(99)_001_2ndFe_FM case. In fact,
after looking to the latter’s binding energy (ﬁgures 6.41 and 6.42), one can realize that in this
region the BTO221(99)_001_2ndFe_FM collapses to the BTO221(99)_001_2ndFe_AFM
structure, thus having the exact same energy.
Figures 6.49 and 6.50 show the DOS of BTO221(99)_001_2ndFe_FM supercells at d =
7.5Å. Since the Ba DOS are negligible near the Fermi level, I will focus in ﬁgures 6.51 and
6.52 which show the Fe, Ti and O DOS with more detail.
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Figure 6.49: Density of states of
BTO221_001_2ndFe_FM at d = 7.5Å.
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Figure 6.50: Density of states of
BTO99_001_2ndFe_FM at d = 7.5Å.
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Figure 6.51: Fe, Ti and O density of states
of BTO221_001_2ndFe_FM at d = 7.5Å.
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Figure 6.52: Fe, Ti and O density of states
of BTO99_001_2ndFe_FM at d = 7.5Å.
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The total DOS conﬁrms the ferromagnetic nature of the BTO221(99)_001_2ndFe_FM
supercell (seen in ﬁgures 6.45 and 6.46), with both Fe atoms having the same DOS, thus hav-
ing the same magnetic moment magnitude. The Fe minority electrons (spin down electrons)
hybridize with the Ti down electrons around -1.75–0 eV, justifying the induced magnetic mo-
ments seen in ﬁgure 6.46. The O atoms of the TiO2 layer, on the other hand, have local
maxima in the same energies as the Fe and Ti atoms, around 2.75 eV, which is also associated
to the induced magnetic moments of these O atoms.
Figure 6.53: Charge density (left) and SP charge density diﬀerence (right) of the
BTO221_001_2ndFe_FM for d = 7.5Å across plane A’, calculated for E-EF ∈ [−3.75, 0] eV.
Since the qualitative behaviour of each family of magnetic states is identical, as conﬁrmed
recurrently by the observation of the DOS, the charge density of each magnetic behaviour will
be represented by a single value of d of the pseudo-cubic supercell in that behaviour’s region.
The charge density represented in the A’ and B’ planes (ﬁgures 6.53 and 6.54) shows that
while there is no overlap between the O and Fe orbitals, there is a considerable superposition
of Fe and Ti electrons. The SP charge density diﬀerence of A’ and B’ planes make explicit
the ferromagnetic nature of Fe ions as well as the induced magnetic moments in the TiO2
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Oxygens (parallel to Fe magnetic moment) and in the Ti atoms (antiparallel to Fe moments).
Figures 6.55 and 6.56 show the DOS of the AFM arrangement at d = 8.2Å. In this state
there are the same number of DOS in the up and down spin electrons due the cancellation of
Fe1 DOS with the symmetric Fe2 DOS, and to the intrinsic balanced spins in the remaining
individual atoms (ﬁgures 6.57 and 6.58).
Once again, the charge density ﬁgures are an intuitive way to illustrate the results previ-
ously presented regarding the BTO221(99)_2ndFe_AFM in the perfectly antiferromagnetic
regime (ﬁgure 6.59 and 6.60). It is quite interesting to see in the SP charge density diﬀerence
across the A’ plane that while the overall moment of the Fe atom has a well-deﬁned spin
polarization, the O atoms have a spatial sensitive spin polarization, despite their overall zero
magnetic moment. The same can be seen in the B’ plane but for the Ti case. The B’ plane
also conﬁrms the antiferromagnetic nature of Fe atoms, seen in its perfectly symmetric spin
diﬀerence.
Figure 6.54: Charge density (left) and SP charge density diﬀerence (right) of the
BTO221_001_2ndFe_FM for d = 7.5Å across plane B’, calculated for E-EF ∈ [−3.75, 0] eV.
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Figure 6.55: Density of states of
BTO221_001_2ndFe_AFM at d = 8.2Å.
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Figure 6.56: Density of states of
BTO99_001_2ndFe_AFM at d = 8.2Å.
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Figure 6.57: Fe, Ti and O density of states
of BTO221_001_2ndFe_AFM at d = 8.2Å.
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Figure 6.58: Fe, Ti and O density of states
of BTO99_001_2ndFe_AFM at d = 8.2Å.
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Figure 6.59: Charge density (left) and SP charge density diﬀerence (right) of the
BTO221_001_2ndFe_AFM for d = 8.1Å across plane A’, calculated for E-EF ∈ [−3.75, 0] eV.
Figure 6.60: Charge density (left) and SP charge density diﬀerence (right) of the
BTO221_001_2ndFe_AFM for d = 8.1Å across plane B’, calculated for E-EF ∈ [−3.75, 0] eV.
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Figure 6.61: Density of states of
BTO221_001_2ndFe_AFM at d = 7.6Å.
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Figure 6.62: Density of states of
BTO99_001_2ndFe_AFM at d = 7.6Å.
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Figure 6.63: Fe, Ti and O density of states
of BTO221_001_2ndFe_AFM at d = 7.6Å.
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Figure 6.64: Fe, Ti and O density of states
of BTO99_001_2ndFe_AFM at d = 7.6Å.
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Figure 6.65: Density of states of
BTO221_001_2ndFe_AFM at d = 6.9Å.
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Figure 6.66: Density of states of
BTO99_001_2ndFe_AFM at d = 6.9Å.
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Figure 6.67: Fe, Ti and O density of states
of BTO221_001_2ndFe_AFM at d = 6.9Å.
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Figure 6.68: Fe, Ti and O density of states
of BTO99_001_2ndFe_AFM at d = 6.9Å.
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The ferrimagnetic state region is represented by the DOS of ﬁgures 6.61–6.64. While the
Fe1 have its up and down spin electrons almost balanced, the Fe2 atom clearly has its majority
DOS in the up spin electrons, corroborating the FiM state.
Figure 6.69: Charge density (left) and SP charge density diﬀerence (right) of the
BTO221_001_2ndFe_AFM for d = 7.5Å across plane A’, calculated for E-EF ∈ [−3.75, 0] eV.
The charge density presented in ﬁgures 6.69 and 6.70 shows an asymmetric orbital hy-
bridization between the Fe and Ti atoms across the B’ plane. This is also seen in the DOS of
ﬁgure 6.63 and suggests that the Ti atoms have a preponderant role in the magnetic properties
of the Fe atoms.
The SP charge density diﬀerence (ﬁgures 6.69 and 6.70) shows that across the A’ plane
there is a superposition between the partially ﬁlled d3z2−r2 and the dzi orbitals
7 (where i can
be either x or y). Such statement is reinforced by the vanishing of the dzi orbitals when the
7From an atomic point of view the x and y directions are arbitrary since a=b. The ”chosen” x and y
directions will be defined by the neighbouring atoms.
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cross section changes to the B’ plane, where only the d3z2−r2 is visible.
Figure 6.70 clearly shows the expected asymmetric magnitude of the opposite Fe moments,
as well as a local asymmetry in the Ti atoms spin density.
Figure 6.70: Charge density (left) and SP charge density diﬀerence (right) of the
BTO221_001_2ndFe_AFM for d = 7.5Å across plane B’, calculated for E-EF ∈ [−3.75, 0] eV.
Finally, ﬁgures 6.65-6.68 present the DOS of the null spin state region. As it was already
seen in the DOS of the BTO221_001_1stFe_AFM and BTO99_001_1stFe_FM at d = 6.0Å
(ﬁgures 6.26 and 6.35), the DOS of the BTO221(99)_001_2ndFe_AFM supercell’s individual
atoms at d = 6.9Å have completely symmetric up and down spin electrons. This results in
the quench of all the magnetic moments, thus the quenching of the supercell total magnetic
moment. In fact, not only the DOS of this null spin state are identical when comparing the
pseudo-cubic and tetragonal supercell, as they are also identical to the 1sFe monolayer when
in this same magnetic state.
In the 2ndFe monolayer system, as in the 1stFe monolayer system, only the null spin
state possesses a band gap (of about 200meV), whereas the remaining magnetic states have
a metallic or semimetallic nature. The charge density of ﬁgure 6.72 shows a considerable
hybridization of the Ti and Fe atoms (plane B’), consonant to the DOS of ﬁgure 6.67, whereas
the O electrons do not show any superposition with either the Fe or Ti electrons (ﬁgure 6.71).
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Figure 6.71: Charge density (left) and SP charge density diﬀerence (right) of the
BTO221_001_2ndFe_AFM for d = 7.1Å across plane A’, calculated for E-EF ∈ [−3.75, 0] eV.
Figure 6.72: Charge density (left) and SP charge density diﬀerence (right) of the
BTO221_001_2ndFe_AFM for d = 7.1Å across plane B’, calculated for E-EF ∈ [−3.75, 0] eV.
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Besides the null SP charge density diﬀerence through all the unit cell, there is an interesting
detail in this magnetic state. This detail has to do with the shape of the Fe electron cloud
across the A’ plane of ﬁgure 6.71, which as if tries to be the farthest away from O electron
cloud. This also occurs in the other magnetic states, but it is not as evident as in this particular
case. This gives some hints about the strength of the O electrons’ electric ﬁeld felt by the Fe
atom.
6.1.3 High-spin–Null-spin phase transition
As it was described in the text above, the interface of BTO and Fe can give rise to several
diﬀerent magnetic behaviours, yet, it is the magnetic moment quenching of the individual
atoms that is the most astonishing one. This kind of spin state transition is similar to a
molecular High-spin–Low-spin state transition mentioned in section 2.5.3, but here present in
a solid state system.
The source of this High-spin–Low-spin state transition can be explained partially using
the crystal ﬁeld theory, since as shown in ﬁgure 6.71, the O electrons’ electric ﬁeld is strong
enough to constrain the Fe orbitals, aﬀecting their shape. Moreover, the clear hybridization
between the Fe and Ti atoms (ﬁgure 6.72), ubiquitous through all calculations involving the
BTO221(99)_001_2ndFe supercells, must play a crucial role in this High-spin–Low-spin state
transition, since they completely change the symmetry of the crystal ﬁeld felt by the Fe atoms.
Figure 6.73: Energy diagram of the electron occupation in the d orbitals of a Fe2+ atom
considering two diﬀerent crystal ﬁelds.
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Figure 6.73 shows a High-spin–Low-spin state transition which could possibly represent
the one reported in this manuscript. To ensure the complete cancellation of the Fe spins, an
even number of valence electrons is required, thus an even valency Fe must be involved (Fe,
Fe2+ and Fe4+). In ﬁgure 6.73 a Fe2+ was considered. The left part of the diagram shows
a possible conﬁguration with a crystal ﬁeld which could justify the Fe magnetic moment of
the FM, AFM and FiM8 states for a given value d = δ1. Decreasing the distance d would
increase the energy of the d orbitals involving the z component, while lowering the remaining
d orbitals to conserve the energy centre, till the system reaches a point such as δ2. For d = δ2
the before lower energy d3z2−r2 is now in a higher energy state, hence its electron completes
the occupation of dxy orbital.
This explanation, despite being apparently plausible in a single atom/ion picture, is based
on several naive assumptions. Firstly, although a crystal ﬁeld interpretation is a good intuitive
approach, there is also the possibility of sharing and exchanging electrons between atoms
(with Ti for example). Moreover, the fact that we are before a solid-state system, and due to
the impossibility of two electrons having the same quantum state, there will be a band like
occupation of the d orbitals instead of the discrete energy diagram presented in ﬁgure 6.73.
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Figure 6.74: Density of states of each d orbitals of Fe2 atom for the BTO221_001_2ndFe
supercell in the high-spin state (left) and in the null-spin state (right).
Figure 6.74 shows the actual d orbital occupation for the Fe2 atom (which is the same
as in Fe1 for these two particular cases). It is possible to see that for the null spin case
there is indeed degeneracy in the t2g orbitals involving the z axis, whereas for the high spin
8In this case I am considering the Fe with higher magnetic moment
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Figure 6.75: Density of states of each d orbitals of Fe2 atom for the BTO221_001_2ndFe
supercell in the high-spin antiferromagnetic state (left) and in the ferrimagnetic state (right).
For the FiM state the Fe1 DOS are also presented.
state there is no orbital degeneracy. The remaining magnetic states from the remaining AFM
branch family have their d orbital DOS represented in ﬁgure 6.75 and also show the energy
degeneracy of the t2g orbitals involving the z axis.
The observation of the DOS of ﬁgures 6.74 and 6.75 also exposes other weakness in the
reasoning associated with the single ion crystal ﬁeld picture of ﬁgure 6.73, since the in latter is
assumed that a gradual decrease in the distance d would gradually raise the orbitals involving
the z axis while lowering the others, yet the lower energy t2g orbitals of Fe2 in the AFM
state actually lower their energy in the FiM state. The Fe1 atom, in other hand, has its t2g
orbitals raised, obtaining an overall DOS shape which reminds a primordial DOS on the verge
of collapsing in the null-spin state.
Another assumption which is too simple is the unchanging pairing energy, U, which as it
can be seen can change drastically from a band point of view, due to the d orbitals shape
constrains which arise from the electrons of the neighbouring atoms, and mainly due to the
new vacant occupations from the ensemble of adjacent d orbitals.
In sum, description of the magnetic moment quenching is evidently too complex to use
only the single atom crystal ﬁeld approach, however this description is a good mental image
which in fact is close to the real physical mechanism in qualitative terms.
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Figure 6.76: Distances between the atoms of the TiO2 layers and the Fe atoms of each of the
BTO221(99)_001_2ndFe supercells.
Once it is now evident that the Fe neighbouring atoms are crucial to understand this new
paradigm, the distances between the atoms of the TiO2 layers and the Fe atoms of the 2ndFe
termination are presented in ﬁgure 6.76.
It is clear that for the Ferromagnetic input arrangements, the distances have smooth
monotonous curves, however when the FM state quenches, there is an abrupt change in the
distances here presented.
Note that the distance D(Ti2-Ti1) can be seen as the height of the Fe monolayer, cFe, and
d-D(Ti2-Ti1) the height of the of the BTO unit cell for the correspondent distance d, cBTO.
This reinforces the idea that Fe orbitals are ﬁlled in a completely unique way where there is
the magnetic quench, in such a way that the spatial size of the Fe monolayer suﬀers an abrupt
change.
In the AFM input arrangements the distance curves presented in ﬁgure 6.76 have always a
perturbation in its slope wherever there is a change in magnetic state, yet when the magnetic
moments reach the null spin state this change is more perceptible. Furthermore, the Ti–Fe
distances have a bifurcation in the beginning of the FiM state, in line with the asymmetric
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hybridization shown in ﬁgure 6.54.
Additionally, as a means of comparison, the distances between the atoms of the TiO2 layers
and the Fe atoms of the 1stFe monolayer system are presented in ﬁgure 6.77.
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Figure 6.77: Distances between the atoms of the TiO2 layers and the Fe atoms of each of the
BTO221(99)_001_1stFe supercells.
The distance curves are also monotonous, except in the transition between the 1stFe and
the 2ndFe monolayer systems, where the distances between the Fe atoms change drastically.
The value of cFe changes quite smoothly here, which is explained by the diﬀerent fractional
coordinates of the Fe neighbours. This results in diﬀerent occupied d orbitals in the 1stFe
monolayer system, closer to the orbitals occupied in the null-spin state, thus a smoother change
in its size along the z axis.
Crystal Field effect in Hyperfine Interactions
Given the here discussed crystal ﬁeld theory philosophy, it is only natural to study the
eﬀect of the diﬀerent magnetic states in the electric ﬁeld gradient and hyperﬁne magnetic
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Figure 6.78: Vzz component of the EFG felt by each atom of the BTO221(99)_001_1stFe
supercell.
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Figure 6.79: Vzz component of the EFG felt by each atom of the BTO221(99)_001_2ndFe
supercell.
ﬁeld felt by the diﬀerent atoms of the considered supercells. Figures 6.78 and 6.79 show the
Vzz component of the EFG felt by each atom, which is a measurable quantity using hyperﬁne
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techniques such as PAC spectroscopy9.
The EFG values for the 1stFe monolayer system (ﬁgure 6.78) show that for the same
magnetic states, the Vzz values, like in the distances case, change quite smoothly. Actually
these values present some of the quirkiness’s also seen in the distances plots (ﬁgure 6.77).
Nevertheless, the substantial changes in the values of the EFG are clearly seen when there is
the magnetic moment quench (mainly for the Fe atoms case).
Figure 6.79 shows the EFG values for the 2ndFe monolayer system. Here it is possible to
see that Fe Vzz is quite sensitive to the magnetic state of the Fe atoms, being possible to spot
where the AFM-FiM transitions occur, as well as where there is the magnetic moment quench
(the latter resulting in an increase to twice the Fe atoms Vzz value when decreasing d). This
conclusion points to the fact that hyperﬁne studies may be a quite valid approach to study
and explore the magnetic moments quenching in alike heterostructures.
Hyperﬁne magnetic ﬁeld calculations of the BTO221(99)_001_2ndFe supercells for each
magnetic state were also carried out using particular values of d. To perform the hyperﬁne
magnetic ﬁeld calculations, the L/AWP+lo [(Linearized) augmented plane wave method plus
local orbitals] method was used as implemented in WIEN2K code, version 17 [228]. The
calculations used the GGA-PBE exchange-correlation approximation, the reciprocal space
integrations used at least 200 k-points in the full Brillouin zone, and the basis set size was
set by the parameter RmtKmax = 7, where Rmt is the muﬃn-tin radius of the smallest sphere
and Kmax is the maximum wave number. The following magnetic hyperﬁne ﬁeld contributions
were calculated: Fermi contact term (spin electron density at the nucleus), and the on-site
orbital and spin dipole moment interactions [229]. Spin-orbit was included in the calculations,
calculated from the scalar-relativistic result with a second-variational procedure, with the
magnetization along [001].
The hyperﬁne magnetic ﬁelds in each atom site are summarized in table 6.1. As expected,
the hyperﬁne magnetic ﬁeld of the Null-spin state is zero.
For the FM state, in both the pseudo-cubic and tetragonal supercells, the hyperﬁne mag-
netic ﬁeld felt by each Fe atom is the largest of all predicted magnetic states, and as expected
Bhmf(Fe1) ≈ Bhmf(Fe2). Its value is somewhere between the Bhmf of metallic Fe (33T at
293K [230,231]) and the Bhmf of Fe3O4 (45 and 49T for each Fe valency at 300K [230,232]),
9The reason why its shown |Vzz| is due to the fact that this is what is measured in PAC spectroscopy, which
cannot distinguish between the positive and negative values of Vzz.
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Hyperfine Magnetic Field (T)
Supercell d (A) Fe1 Fe2 Ba Ti1 Ti2 O1 O2 O3 O4 O5 State
BTO221_001_2ndFe_AFM
6.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 NS
7.6 6.0 -24.8 0.2 0.3 0.4 0.1 0.4 0.1 0.0 0.3 FiM
8.2 15.6 -17.1 -0.1 0.1 -0.1 0.0 0.0 0.0 0.0 0.0 AFM
BTO221_001_2ndFe_FM 7.5 -27.8 -27.7 5.1 -2.1 -2.0 4.5 4.5 4.5 4.5 -1.0 FM
BTO99_001_2ndFe_AFM
6.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 NS
7.6 4.4 -25.2 0.3 0.5 0.5 -0.2 0.2 0.3 -0.1 0.3 FiM
8.2 15.6 -15.8 0.1 0.0 -0.1 0.0 0.0 0.0 0.0 0.0 AFM
BTO99_001_ndFe_FM 7.5 -36.7 -37.0 1.7 -3.1 -3.1 3.0 2.9 3.0 2.9 -1.3 FM
Table 6.1: Hyperﬁne magnetic ﬁelds at representative points of each magnetic state of the
BTO221(99)_001_2ndFe supercells.
closer to the metallic Fe.
The FiM and AFM states have hyperﬁne magnetic ﬁelds lower than the Bhmf of metallic
Fe. In the perfect AFM state Bhmf(Fe1) ≈ −Bhmf(Fe2), while in the FiM state Bhmf(Fe1) <
Bhmf(Fe2).
Similarly to the EFG, the hyperﬁne magnetic ﬁeld is a physical quantity which can be used
to explore the behaviour of BTO/Fe heterostrucures, namely using Mössbauer spectroscopy,
since Fe hyperﬁne magnetic ﬁelds of each predicted states are quite diﬀerent.
Nanoengineering towards a switchable spin state multiferroic
The above mentioned High-spin–Null-spin phase transition is a very appealing phenomenon
from a technological point of view. Furthermore, this eﬀect occurs in BaTiO3/Fe heterostruc-
ture, which has been mentioned as an excellent candidate to be a magnetoelectric multiferroic.
As a matter of a fact, the motivation for the DFT modelling made in this chapter was to ex-
plain the magnetoelectric coupling of chapter 5.
That said, let’s focus again in the energy dependence of ﬁgures 6.41 and 6.42. For the ”cu-
bic” and tetragonal supercells there is a tipping point, δC and δT respectively, which separates
the region where the FM arrangement is more energetically favourable from the part where
the AFM is more favourable. Taking this into consideration, we can obtain an energy curve
showing only the most favourable arrangement, as shown in ﬁgure 6.80.
Figure 6.80 also shows a drastic change in the magnetization state depending on d. As
it can be seen in ﬁgure’s 6.80 inset, for the tetragonal supercell, the heterostructure is in
the Low (Null) Spin State (M = 0µB/s.c) for d < δT = 6.818Å and is in a High Spin
State (M ≈ 4µB/s.c.) for d > δT , whereas for the cubic BTO the tipping point occurs at
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Figure 6.80: EBinding(d) curves and respective magnetic state for the cubic (a = aC) and
tetragonal (a = aT) BTO_001_2ndFe supercells. Inset shows a detailed graph around the
High-spin–Null-spin transition.
d = δC = 6.827Å 6= δT .
To tame this High-spin–Null-spin phase transition, a magnetoelectric device such as the
one presented in ﬁgure 6.81 is suggested. This device consists in a heterostructure composed
by an Fe monolayer deposited between two bulk crystals of BaTiO3, in such a way that the Fe
is deposited as in the BTO99_001_2ndFe supercell. If this heterostructure is close enough to
the switching point δT, using external perturbations such as an electrical ﬁeld, it is possible
to willingly switch between the ferromagnetic high-spin state and the null-spin state.
Additionally, one can take advantage of the ferroelectric phase transitions of BTO to pro-
mote the above mentioned non-linear giant magnetoelectric eﬀect (GME). Let’s consider that
the bulk part of the BTO is in its cubic paraelectric phase. It is known that the application of
an electric ﬁeld can induce a ﬁrst order phase transition to the BTO tetragonal phase, there-
fore the hysteretic nature of the polarization will also induce a hysteresis in the magnetization
curve. Such magnetization response to the polarization is shown illustrated in ﬁgure 6.81 and
deﬁnes the extrinsic magnetoelectric coupling of the suggested device. Hence, for an electric
ﬁeld E < E1 the bulk BTO will always be in its cubic phase therefore Fe ions will be in a
null spin state. For E > E2 the ﬁrst order phase transition to the tetragonal ferroelectric
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Figure 6.81: Heterostructure comprised of an Fe monolayer in a BTO matrix under an electric
ﬁeld E. Below the critical value E1, the BTO structure is cubic and has a calculated Fe spin
moment of zero (Left). For E > E2 BTO becomes Tetragonal and the calculated Fe spin
moment is 4µB/s.c. (Right). (Center) Electric ﬁeld-driven magnetization response of the
proposed multiferroic device.
phase of bulk BTO drives the change to the high spin state. It should should be pointed
out that the polarization here shown corresponds to the bulk substrate polarization and not
to the interfacial BaTiO3 layers. Moreover, besides its colossal magnetization change, this
extrinsic magnetoelectric multiferroic can operate well above room temperature (near BTO
ferroelectric TC).
Yet, there are some nuances to this approach involving the required initial d value, di.
There are three possible scenarios:
In the ﬁrst scenario d increases by an amount ∆d = |df − di| when BTO changes from its
cubic phase to its tetragonal phase, i.e. df > di. In this situation the heterostructure must
have a di which satisﬁes the condition di + ∆d > δT ∧ di < δC, warranting a spin state
transition from the null spin state to the high spin state.
In the second scenario d decreases by an amount ∆d > ∆δ = δC − δT when BTO changes
from its cubic phase to its tetragonal phase, i.e. df < di ∧ ∆d > ∆δ. In this situation
the heterostructure must have a di which satisﬁes the condition di − ∆d < δT ∧ di > δC,
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warranting a spin state transition from the high spin state to the null spin state.
In the third and last scenario d decreases by an amount ∆d < ∆δ when BTO changes
from its cubic phase to its tetragonal phase, i.e. df < di ∧ ∆d < ∆δ. In this situation the
heterostructure must have a di which satisﬁes the condition di −∆d > δT ∧ δT < di < δC,
warranting a spin state transition from the high spin state to the null spin state. There is
a special case of this scenario where d remains constant, i.e. di = df , thus resulting in the
conditions δT < di < δC. The size of this window of values depends on the value of the lateral
lattice parameters of the BTO unit cell in both cubic and tetragonal phases, as it can be
inferred by observation of ﬁgure 6.82.
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Another possible concern of this proposed device is how to build an heterostructure with
the adequate d, close to d = 6.8Å, knowing that this value is deviated from the predicted global
minimum, dmin. Firstly, one can follow the value of the corresponding BTO c-axis, cBTO =
d−cFe = d−D(Ti2-Ti1) instead of the ratio d/dmin. Figure 6.83 shows the percentage of cBTO
when comparing its experimental value to its value at dmin for the BTO221_001_2ndFe_FM
supercell. These two values are practically the same, as it would be expected once at d = dmin
the BTO unit cell should be literally cubic, having a nonlinear curve. At d = 6.8Å the
percentage of the cBTO is about 93%, instead of the d/dmin percentage which is about 90.5%.
This means that it would be necessary to compress the cBTO by 7% of the thermodynamically
stable cBTO instead of the 9.5%.
Nevertheless, the energy curves of ﬁgure 6.80 is done assuming T = 0K, and does not
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consider other external ﬁelds such as pressure, which can be used to help lowering the d value
as well as to tune the standard BTO FE TC ≈ 393K to a suitable working TC. Additionally,
the bulk material can be a chemical variant of the standard BTO such as BaxSr1−xTiO3 [174],
since as seen in the present chapter, only the atoms of the TiO2 layers inﬂuence the Fe magnetic
moment. As a matter of fact, there is no real need to have the bulk material of BTO or any
of its variants, as long as in the interface of the Fe monolayer there are the TiO2 with the
same distances and symmetries as the ones in BTO221_001_2ndFe supercell at its null-spin
state. Notwithstanding, these chemical variants, as well as the addition of other dopants, can
be used to create a ”chemical pressure” helping to attain the desired distance d.
Finally, taking into account this ferroelectric phase induced High-spin–Low-spin switching
paradigm, let’s go back to the magnetoelectric coupling mentioned in chapter 5. Needless to
say that both phenomena are alike, which raises the possibility of the here presented GME
being be the mechanism behind the magneto electric coupling present in the BTO:Fe113ppm.
In this hypothesis the grain boundaries would act as the place where the Fe would segregate
forming an auto-composite which would locally look like as the BTO221_001_2ndFe supercell.
Due to the possible variance in the lattice parameters, mainly in the grain boundaries, where
there are several displacements and strains of the bulk unit cell, there would be some speciﬁc
locations which could have the adequate conditions to replicate the interface shown in ﬁgure
6.81. For T > TC the analogous d distance would respect the ﬁrst of the three possible scenarios
regarding the d value, meaning that all its Fe atoms would have no magnetic moment at all.
After the BTO changes to its tetragonal phase these particular atoms would switch on their
moment, resulting in the abrupt change in magnetization seen in ﬁgures 5.6 and 5.9 higher
temperature magnetic transition.
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DFT Modeling of other BaTiO3/Fe
interfaces
7.1 BTO38
The discovery of such interesting properties in a BTO/Fe heterostructure depending on
where the Fe atoms are placed, as well as on the distances between them and the inter-
face atoms raises questions about what will happen in interfaces involving Fe atoms and the
other ferroelectric phases of BaTiO3. In this line of though, using a similar approach to the
BTO221(99)_001 supercells, several possible supercells were considered in an exploratory way,
as a means of searching for other novel magnetic eﬀects.
Let’s begin by considering supercells comprised of an orthorhombic unit cell of BaTiO3
and a monolayer of Fe. There are two possible BTO layer terminations: the BaTiO layer and
an O2 layer. The same Fe monolayers used in the tetragonal and the pseudocubic supercells
were used but repeated twice – thus each supercell has four Fe atoms – due to the bigger size
of the a and b lattice parameters of the orthorhombic BTO unit cell.
The 1stFe monolayer is the one where the corner Fe atoms are placed on top of the Ba
atoms for the BaTiO termination (ﬁgure 7.1) and where some of its atoms are placed on top
of the O atoms for the O2 termination (7.3). On the other hand, the 2ndFe monolayer consists
in a translation of 25% of the b lattice along this same axis, placing one of its atoms on top
of the Ti atom for the BaTiO termination (ﬁgure 7.2) while avoid being placed on top of the
O atoms for the O2 termination (7.4).
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The a and b parameters of the supercell are made ﬁxed to the experimental values a =
3.9874Å and b = 5.6751Å [233]. The calculations were carried out using the same parameters
used on the BTO221(99)_001 supercells calculations, but here the electronic self-consistent
cycles were considered converged when the energy diﬀerences between two iterations were less
than 10−5 eV. A 5×4×2 k-points grid was considered for the calculations in reciprocal space.
Figure 7.1: BTO38_1stFe supercell Figure 7.2: BTO38_2ndFe supercell
Figure 7.3: BTO38_1stFe_O2 supercell Figure 7.4: BTO38_2ndFe_O2 supercell
Ferromagnetic and antiferromagnetic initial arrangements were considered for each su-
percell. Since there are four Fe atoms in the supercell there are more than one possible
antiferromagnetic inputs as illustrated in Figure 7.5. The AFM input arrangements here con-
sidered have the same number of up and down spins and are characterized by the sign of the
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exchange interactions Ji, for i=1,2,3, where |J1| > |J2| and |J3| > |J4|. The AFM1 arrange-
ment considers J1 > 0, J2 < 0, J3 < 0 and J4 < 0. The AFM2 arrangement considers J1 < 0,
J2 > 0, J3 < 0 and J4 < 0. The AFM3 arrangement considers J1 < 0, J2 < 0, J3 > 0 and
J4 > 0. Finally, the FM arrangement considers J1 > 0, J2 > 0, J3 > 0 and J4 > 0.
Figure 7.5: Illustration of the considered magnetic arrangements for the BTO38_1stFe su-
percell.
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7.1.1 BTO38_1stFe
The binding energy and total magnetic moment for the BTO38_1stFe supercell (ﬁgure
7.1) are shown in ﬁgures 7.6 and 7.7.
The binding energy is deﬁned by equation 7.1:
EBinding = EBTO38_1stFe − (4EFe + 3EBa + 3ETi + 7EO) , (7.1)
where EBTO38_1stFe is the energy of the BTO38_1stFe supercell.
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The coloured regions indicate which of the magnetic arrangements is the most energeti-
cally favourable for a given value of d, this way a light gray region indicates a more stable
AFM1 arrangement, a green region indicates a more stable AFM2 arrangement, a blue region
indicates a more stable AFM3 arrangement, and a red region indicates a more stable FM
arrangement.
Figure 7.7 shows that there are several magnetic behaviours within each magnetic arrange-
ment curve. While the AFM1 and AFM2 arrangements remain mostly in a balanced AFM
state, the AFM3 has always a non-zero total magnetic moment. The ferromagnetic arrange-
ment has three distinct behaviours and a total magnetic moment Mtotal ∈ [5.5; 9]µB. In fact
these three regions are explained by the three structural changes – α, β and γ – as it can be
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seen in ﬁgure 7.81 and table 7.1.
Figure 7.8: The three types of structures present in the BTO38_1stFe supercell. To illus-
trate these structures the relaxed structure of the BTO38_1stFe_AFM1 supercell is used for
diﬀerent values of d. The α structure corresponds to d = 10.3Å, the β structure to d = 12Å
and the γ structure to d = 12.1Å.
Supercell α β γ
BTO38_1stFe_AFM1 d ∈ [8; 10.3]Å d ∈ [10.4; 12]Å d ∈ [12.1; 13]Å
BTO38_1stFe_AFM2 d ∈ [8; 9.9]Å d ∈ [10; 11.1]Å d ∈ [11.1; 13]Å
BTO38_1stFe_AFM3 d ∈ [8; 9.9]Å d ∈ [10; 11.6]Å d ∈ [11.7; 13]Å
BTO38_1stFe_FM d ∈ [8; 9.8]Å d ∈ [9.9; 11.9]Å d ∈ [12; 13]Å
Table 7.1: Interval of d values for the α, β and γ structures in the BTO38_1stFe supercell.
To have a deeper understanding about the magnetic phenomena, it is useful to inspect the
value of each atom magnetic moment presented in ﬁgures 7.9 and 7.10. Here it’s possible to
see that for d > 10.3Å the BTO38_1stFe_AFM1 supercell’s up and down magnetic moments
always cancel out, whereas for d ≤ 10.3Å there is a slight unbalance in the up and down
moments giving birth to a total magnetic moment which can be as high as Mtotal ≈ 2µB. The
full range of the α, as well as the ranges of the β and γ structures are presented in table 7.1.
These structures clearly inﬂuence the diﬀerent behaviours of the BTO38_1stFe_AFM1, since
it’s in the α structure that occurs the unbalance between the up and down moments. Even
though the β and γ have balanced up and down moments, their individual atom magnetic
moment curves are quite diﬀerent as it is possible to see in ﬁgures 7.9 and 7.10 within the
1The structures presented in figure 7.8 are defined qualitatively, having small differences for different val-
ues of d and for different magnetic arrangements. Apart from these small differences, each structure has
approximately the same structural characteristics.
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Figure 7.9: Fe magnetic moments for diﬀerent magnetic arrangements of the BTO38_1stFe
supercell.
mentioned d intervals.
The BTO38_1stFe_AFM1 and BTO38_1stFe_AFM2 supercells have about the same
binding energy and magnetic moment behaviours at their β and γ structures, in spite of
the regions where both occur not being exactly the same. Something similar occurs for the α
structure for d ≤ 9.2Å, however for 9.2 < d < 10Å the BTO38_1stFe_AFM2 is in state where
three of its Fe atoms are aligned ferromagnetically, while the last one is antiferromagnetic to
the ﬁrst three (ﬁgure 7.9). This magnetic state will be address as AFM4 in the rest of this
thesis.
The BTO38_1stFe_AFM3 is the most exotic antiferromagnetic arrangement since, as
shown in ﬁgures 7.9 and 7.10, it has several AFM states independently of the structure it
has. Moreover, it also assumes several times a completely ferromagnetic state, overlapping its
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Figure 7.10: Magnetic moments of all atoms except Fe for diﬀerent magnetic arrangements of
the BTO38/1stFe supercell.
binding energy and total magnetic moments curves with the ones from BTO38_1stFe_FM
for some given values of d.
Finally, as already mentioned, the BTO38_1stFe_FM has three distinct FM regions. It
is clear from observation of ﬁgures 7.9 and 7.10 that two of the Fe magnetic moments can
have magnetic moments as high as 3µB, however this magnetic moment enhancement2 does
not result in an equivalent increase of the total magnetic moment due to the opposite Ti’s
magnetic moments which can have values has high as -0.8µB.
The BTO38_1stFe supercell has a very interesting region at d0 = d ≈ 11.36Å, where
there is a local energy minimum. This minimum, belonging to the BTO38_1stFe_AFM2
supercell, is quite close to other two local minima: one at dl = d ≈ 11.1Å, belonging to
BTO38_1stFe_AFM3, and the other at dr = d ≈ 11.1Å, belonging to BTO38_1stFe_FM.
2When compared with the 2.2µB of the metallic Fe
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This is very promising from the experimental point of view, since the supercell has a null
total magnetic moment at d0 but ≈ 8µB for dl and dr, hence it might be possible to alternate
between two (or even three) of these states using some external ﬁeld to control the value of d.
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7.1.2 BTO38_2ndFe
The binding energy and total magnetic moment for the BTO38_2ndFe supercell (ﬁgure
7.2) are shown in ﬁgures 7.11 and 7.12.
The binding energy is deﬁned by equation 7.2:
EBinding = EBTO38_2ndFe − (4EFe + 3EBa + 3ETi + 7EO) , (7.2)
where EBTO38_2ndFe is the energy of the BTO38_2ndFe supercell. The coloured regions
indicate the most energetically favourable magnetic arrangement.
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Figure 7.11: Binding energy for all the
considered magnetic arrangements of the
BTO38_2ndFe supercell.
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Figure 7.12: Total magnetic moment for
all the considered magnetic arrangements of
the BTO38_2ndFe supercell.
Figure 7.14: Illustration of the structural distortions of the ﬁnal relaxed structures
with relation to the starting fractional coordinates for both the BTO38_1stFe and
BTO38_2ndFe supercells.
Similarly to the BTO38_1stFe supercell, the BTO38_2ndFe supercell also suﬀers the
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Figure 7.13: Fe magnetic moments for diﬀerent magnetic arrangements of the BTO38_2ndFe
supercell.
Supercell α β γ
BTO38_2ndFe_AFM1 d ∈ [8.1; 9.7]Å d ∈ [9.8; 10.6]Å d ∈ [10.7; 13]Å
BTO38_2ndFe_AFM2 d ∈ [8; 9.8]Å d ∈ [9.8; 11.7]Å d ∈ [11.8; 13]Å
BTO38_2ndFe_AFM3 d ∈ [8; 9.7]Å d ∈ [9.7; 13]Å ×
BTO38_2ndFe_FM d ∈ [8; 9.9] ∪ [12.5; 13]Å d ∈ [10; 12.4]Å ×
Table 7.2: Interval of d values for the α, β and γ strucures in the BTO38_2ndFe supercell.
structural changes previously seen in ﬁgure 7.8 and the range of values where they occur
can be seen in table 7.2. Moreover, the lateral fractional coordinates also suﬀer distortions
as illustrated in ﬁgure 7.14. A similar phenomenon occurs in the BTO38_1stFe supercell,
thus in the end, the ﬁnal structures are actually quite similar in both BTO38_1stFe and
BTO38_2ndFe supercells, in spite of the calculation starting points being completely diﬀerent.
This justiﬁes the similarities in the binding energy (ﬁgure 7.11) and in the magnetic moment
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curves of each atom (ﬁgures 7.13 and 7.15).
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Figure 7.15: Magnetic moments of all atoms except Fe for diﬀerent magnetic arrangements of
the BTO38_2ndFe supercell.
While the BTO38_2ndFe_AFM2 supercell has approximately the same Mtotal curve as
in its 1stFe counterpart (ﬁgure 7.12), in the BTO38_2ndFe_AFM1 case this just occurs in
its α and β structures. For BTO38_2ndFe_AFM1 γ structure, instead of the perfectly AFM
state, the supercell is in a FM state for 10.5 < d < 11.3Å and in a FiM for d ≥ 11.3Å, being
closer to the 1stFe AFM3 arrangement (ﬁgures 7.12 and 7.13).
The BTO38_2ndFe_AFM3 supercell, on the other hand, did not relax into a γ structure,
having a FiM state in its β state, whereas its α structure has a FM state (d < 9Å) and a
AFM4 state (ﬁgure 7.13).
The BTO38_2ndFe_FM supercell has basically the same properties as its 1stFe counter-
part, apart from the d > 12.4Å region which did not relax into a γ structure, having an α
structure instead, thus having a higher total magnetic moment (ﬁgures 7.12, 7.13 and 7.15).
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The observation of both ﬁgures 7.11 and 7.12 shows that the BTO38_2ndFe supercell also
has a high technological potential. This supercell has two local minima close together, each
one with very distinct Mtotal: the ﬁrst one at d = 11.2Å, belonging to BTO38_2ndFe_AFM1
with Mtotal ≈ 8µB and the other at d = 11.36Å, belonging to BTO38_2ndFe_AFM2 with
Mtotal ≈ 0µB enabling the alternation between the two.
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7.1.3 BTO38_1stFe_O2
The binding energy and total magnetic moment for the BTO38_1stFe_O2 supercell are
shown in ﬁgures 7.16 and 7.17.
The binding energy is deﬁned by equation 7.3:
EBinding = EBTO38_1stFe_O2 − (4EFe + 2EBa + 2ETi + 8EO) , (7.3)
where EBTO38_1stFe_O2 is the energy of the BTO38_1stFe_O2 supercell.
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Figure 7.16: Binding energy for all the
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Figure 7.17: Total magnetic moment for
all the considered magnetic arrangements of
the BTO38_1stFe_O2 supercell.
The BTO38_1stFe_O2 supercell can have many structural distortions after letting the
system relax its Hellmann-Feynman forces below the tolerance value. Figure 7.18 illustrates
the possible structure types, which are designated as ω, ζ, η and α’. The range for which each
magnetic arrangement relaxes into these structures is presented in table 7.3, showing that the
α′ structure (the only single layered one) just occurs for the BTO38_1stFe_O2_FM supercell
at its lowest considered value of d .
Supercell α′ ω ζ η
BTO38_1stFe_O2_AFM1 × d ∈ [8; 10.5]Å d ∈ [10.6; 13]Å ×
BTO38_1stFe_O2_AFM2 × d ∈ [8; 10.5]Å × d ∈ [10.6; 13]Å
BTO38_1stFe_O2_AFM3 × d ∈ [8; 13]Å × ×
BTO38_1stFe_O2_FM d = 8Å d ∈ [8.1; 13]Å × ×
Table 7.3: Interval of d values for the α′, ω, ζ and η structures in the BTO38_1stFe supercell.
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Figure 7.18: Side (top ﬁgures) and top (bottom ﬁgures) views of the ω, ζ, η and α′
relaxed structures of the BTO38_1stFe_O2 supercell.
Figure 7.19: Side view of the ω, ζ and η structures at d = 13Å.
Figures 7.20 and 7.21 show the magnetic moment curves of all individual atoms. By
observation of these curves and the Mtotal (ﬁgure 7.17) it is possible to see that both the
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AFM1 and AFM3 arrangements have a perfectly balanced AFM state in their ω structure,
apart from the interval 10 < d ≤ 10.5Å where the Ti2 induced magnetic moment contributes
to a non-zero Mtotal. Then, for d > 10.5Å the BTO38_1stFe_O2_AFM3 supercell remains
with an ω structure, having a close to zero Mtotal, whereas the BTO38_1stFe_O2_AFM3
supercell has a ζ structure which results in a AFM4 state with Mtotal ≈ 4µB for d ∈ [10.; 11.2]
and a FiM state with Mtotal ≈ 1.3µB for the remaining values of d.
The BTO38_1stFe_O2_AFM2 supercell also has a ω structure for d < 10.5Å, yet it
results in a FiM state with Mtotal ≈ 1.3µB mainly due the asymmetric value of the Fe atoms
(ﬁgure 7.20). For d < 10.5Å BTO38_1stFe_O2_AFM2 shifts to a η structure lowering even
more the Mtotal due to the Ti atoms induced magnetic moments (ﬁgure 7.21).
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Figure 7.20: Fe magnetic moments for diﬀerent magnetic arrangements of the
BTO38_1stFe_O2 supercell.
The BTO38_1stFe_O2_FM supercell has a Mtotal ≈ 12µB (≈ 4µB/Featom) indepen-
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Figure 7.21: Magnetic moments of all atoms except Fe for diﬀerent magnetic arrangements of
the BTO38_1stFe_O2 supercell.
dently of its structure (α′ or ω), in spite of the induced magnetic moments of the Ti atoms
being opposite to the Fe atoms.
It is relevant to point out that at d ' 11.5Å for the ω and ζ structures, or at d ' 12Å
for the η structure, their correspondent BTO38_1stFe_O2 supercell (independently of its
magnetic arrangement) stops being a compact supercell. To better understand this statement,
ﬁgure 7.19 is presented. It is clear that in the ω structure, the supercell has two smaller unit
cells separated by a vacuum gap whose size increases with d. In the ζ and η structures a
similar phenomenon occurs, but instead of an actual vacuum gap separation, both smaller
unit cells are connected by a single O atom in the η case, or a at least there is a considerable
amount of a pseudo porosity for the ζ case. Therefore, in this range d values, the supercell
would be impractical to build since its layers would just slide oﬀ, thus being mostly likely too
brittle, whatever its binding energy.
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7.1.4 BTO38_2ndFe_O2
Figures 7.22 and 7.23 show the binding energy and total magnetic moment for the
BTO38_2ndFe_O2 supercell.
The binding energy is deﬁned by equation 7.4:
EBinding = EBTO38_2ndFe_O2 − (4EFe + 2EBa + 2ETi + 8EO) , (7.4)
where EBTO38_2ndFe_O2 is the energy of the BTO38_2ndFe_O2 supercell.
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Figure 7.22: Binding energy for all the
considered magnetic arrangements of the
BTO38_2ndFe_O2 supercell.
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Figure 7.23: Total magnetic moment for
all the considered magnetic arrangements of
the BTO38_2ndFe_O2 supercell.
Due to the diﬀerent initial Fe placement there is a change in the binding energy curves,
yet the Mtotal curves of ﬁgure 7.23 do not diﬀer greatly from the ones of ﬁgure 7.17 for most
of the considered d values. These diﬀerences in the binding energy curves are assigned to
the new relaxed structures which are illustrated in ﬁgure 7.24 and which occur in the regions
presented in table 7.4.
Supercell ε θ ζ ′ ν ν ′ ν ′′
BTO38_2ndFe_O2_AFM1 d ∈ [8; 9.6]Å d ∈ [9.7; 13]Å × × × ×
BTO38_2ndFe_O2_AFM2 × × d ∈ [8; 10]Å d ∈ [10.1; 10.9] ∪ [12.8 − 13]Å × d ∈ [11; 12.7]Å
BTO38_2ndFe_O2_AFM3 d ∈ [8; 9.6]Å d ∈ [9.7; 13]Å × × × ×
BTO38_2ndFe_O2_FM d ∈ [8; 8.3]Å × × × d ∈ [8.4; 9.3]Å d ∈ [9.4; 13]Å
Table 7.4: Range of d values for the ε, θ, ν, ν ′ and ν ′′ structures in the BTO38_2ndFe_O2
supercell.
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Figure 7.24: Side (top ﬁgures) and top views (bottom ﬁgures) of the ε, θ, ν, ν ′ and ν ′′
relaxed structures of the BTO38_2ndFe_O2 supercell.
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Figure 7.25: Fe magnetic moments for diﬀerent magnetic arrangements of the
BTO38_2ndFe_O2 supercell.
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The BTO38_2ndFe_O2_AFM1 and BTO38_2ndFe_O2_AFM3 supercells have over-
lapping energy and Mtotal curves. This corroborates the fact that each of these supercells
relax their initial fractional positions into the same ﬁnal structures, ε and θ, as presented
in table 7.4. It is curious to see that even though the individual magnetic moments of
BTO38_2ndFe_O2_AFM1 and BTO38_2ndFe_O2_AFM3 are not exactly the same (ﬁgures
7.25 and 7.26), their sum results in the same Mtotal, and their energy curves are indistinguish-
able.
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Figure 7.26: Magnetic moments of all atoms except Fe for diﬀerent magnetic arrangements of
the BTO38_2ndFe_O2 supercell.
As in BTO38_1stFe_O2_AFM2, the BTO38_2ndFe_O2_AFM2 supercell is the one
which presents the most atypical behaviour within all the input AFM arrangements. Figures
7.25 and 7.26 show the asymmetry in the up and down magnetic moments of BTO38_2ndFe_-
O2_AFM2 which gives the FiM character to this supercell. The diﬀerences in the magnitude of
the individual magnetic moments are directly correlated to its ζ ′, ν and ν ′′ relaxed structures.
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The BTO38_2ndFe_O2_FM supercell also has a FM state with Mtotal ≈ 12µB for d ≥
8.4Å, as in its 1stFe counterpart, despite having diﬀerent relaxed structures (ν ′ and ν ′′) and
diﬀerent individual magnetic moments curves (ﬁgure 7.25 and 7.26). For d < 8.4Å this
supercell relaxes into the ε structure which induces a decrease in the Mtotal of ≈ 2µB.
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7.2 BTO160
Now let’s consider the last ferroelectric phase of BTO, its low temperature rhombohedral
phase, to build a supercell comprised of this unit cell and a Fe monolayer on top of it. Figures
7.27-7.29 show the three considered placements of the Fe monolayer with four atoms per unit
cell. The BaO3 layer is chosen as the termination layer once the Ti and remaining O atoms are
mostly interstitial atoms in the BTO rhombohedral phase, hence one cannot consider them
as being actual layers.
The BTO160_1stFe has its Fe atoms on top of the atoms from the BaO3 layer (Ba4, O10,
O11 and O12), whereas in the BTO160_2ndFe and BTO160_3rdFe supercells the Fe atoms
are placed in the same lateral coordinates as the remaining BaO3 layers.
Taking the BTO160_1stFe supercell and removing the Fe atom which is upon the Ba atom,
the supercell of ﬁgure 7.30 is created. This supercell is designated as BTO160_Triangular.
For all the calculations the a and b parameters of the supercell are made ﬁxed to the
experimental values a = b = 5.654Å [233]. The calculations were carried out using the same
parameters used on the BTO38/Fe supercells calculations, but a 5 × 5 × 2 k-points grid was
considered for the calculations in reciprocal space.
Figure 7.27: BTO160_1stFe supercell Figure 7.28: BTO160_2ndFe supercell
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Figure 7.29: BTO160_3rdFe supercell Figure 7.30: BTO160_Triangular supercell
Ferromagnetic and antiferromagnetic initial arrangements were considered for each super-
cell. The AFM considered arrangements can be understood in the same way as illustrated in
ﬁgure 7.5 since the number of Fe atoms is the same. However in this particular case J1 = J2,
hence only two AFM arrangements are considered: the AFM1 arrangement which considers
J1 > 0, J2 < 0, J3 < 0 and J4 < 0, and the AFM2 arrangement which considers J1 < 0, J2 < 0,
J3 > 0 and J4 > 0. Finally the FM arrangement considers J1 > 0, J2 > 0, J3 > 0 and J4 > 03.
3It is possible to see that the AFM2 magnetic arrangement of a BTO160/Fe system is actually equivalent
to the AFM3 of a BTO38/Fe system
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7.2.1 BTO160_1stFe
Figures 7.31 and 7.32 show the binding energy and total magnetic moment for the BTO160_1stFe
supercell.
Its binding energy is deﬁned by equation 7.5:
EBinding = EBTO160_1stFe − (4EFe + 4EBa + 3ETi + 12EO) , (7.5)
where EBTO160_1stFe is the energy of the BTO160_1stFe supercell.
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Figure 7.31: Binding energy for all the
considered magnetic arrangements of the
BTO160_1stFe supercell.
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Figure 7.32: Total magnetic moment for
all the considered magnetic arrangements of
the BTO160_1stFe supercell.
The coloured regions indicate which of the magnetic arrangements is the most energetically
favourable. The light gray region indicates a more stable AFM1 arrangement, a green region
indicates a more stable AFM2 arrangement, and a blue region indicates a more stable FM
arrangement.
All the possible magnetic arrangements can have diﬀerent ﬁnal relaxed structures, which
are illustrated in ﬁgure 7.33. The intervals of d where each of these structures are presented
in table 7.5.
For BTO160_1stFe_AFM1 σ structure the Fe1 atom goes down to the adjacent BaO3
layer, right next to the O12 atom (ﬁgure 7.33). This greatly decreases its magnetic moment
when comparing with its parallel Fe2 magnetic moment (ﬁgure 7.34) which results in the FiM
state with Mtotal ≈ 2µB shown in ﬁgure 7.32. When BTO160_1stFe_AFM1 supercell relaxes
into the ϕ structure, the Fe1 atom inverts its moment and a AFM4 sate occurs, increasing
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the Mtotal to values which increase with d till ≈ 6µB. Then, BTO160_1stFe_AFM1 relaxes
into the χ structure which results in another inversion of the Fe1 atom magnetic moment and
confers a nearly perfectly balanced AFM sate to the supercell.
Figure 7.33: Side (top ﬁgures) and top views (bottom ﬁgures) of the σ, ϕ, χ, σ′ and ψ
relaxed structures of the BTO160_1stFe supercell.
Supercell σ ϕ χ σ′ ψ
BTO160_1stFe_AFM1 d ∈ [9.5; 11.2]Å d ∈ [11.3; 11.9]Å d ∈ [12; 13]Å × ×
BTO160_1stFe_AFM2 × d ∈ [11; 11.9]Å × d ∈ [9.5; 10.9]Å d ∈ [12; 13]Å
BTO160_1stFe_FM × d ∈ [10.3; 11.9]Å d ∈ [9.5; 10.2]Å × d ∈ [12; 13]Å
Table 7.5: Range of d values for the σ, ϕ, χ, σ′ and ψ strucures in the BTO160_1stFe
supercell.
The structure σ′, adopted by BTO160_1stFe_AFM2 at its lower values of d, is actually
quite similar to the σ structure, hence the physical lowering of the Fe1 atom (ﬁgure 7.33) and
respective decrease in it magnetic moment (ﬁgure 7.34), justifying the identical Mtotal curve in
ﬁgure 7.32. Figure 7.33 shows that here the ϕ also promotes a AFM4 sate, but for d ≥ 12Å,
this supercell relaxes into the ψ structure which has a perfect AFM state for most of its values
of d as seen in ﬁgure 7.34.
As it is possible to see in table 7.5, BTO160_1stFe_FM relaxes into three possible struc-
tures: ϕ, χ and ψ. The diﬀerent energy curves of each curve are clearly seen in ﬁgure 7.31. In
the Mtotal curves, the χ and ψ structures have both Mtotal ≈ 12µB as it is possible to seen in
ﬁgure 7.32, despite having two completely diﬀerent binding energies. To tell the diﬀerences in
magnetic properties it is necessary a further inspection, looking at the individual atoms mag-
netic moments of ﬁgures 7.34 and 7.35, where it is possible to assign the changes of binding
energy curves to changes of the individual Fe atoms magnetic moment.
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Figure 7.34: Fe magnetic moments for diﬀerent magnetic arrangements of the BTO160_1stFe
supercell.
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Figure 7.35: Magnetic moments of all atoms except Fe for diﬀerent magnetic arrangements of
the BTO160_1stFe supercell.
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7.2.2 BTO160_2ndFe
Figures 7.36 and 7.37 show the binding energy and total magnetic moment for the BTO160_2ndFe
supercell.
Its binding energy is deﬁned by by equation 7.6:
EBinding = EBTO160_2ndFe − (4EFe + 4EBa + 3ETi + 12EO) , (7.6)
where EBTO160_2ndFe is the energy of the BTO160_2ndFe supercell.
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Figure 7.36: Binding energy for all the
considered magnetic arrangements of the
BTO160_2ndFe supercell.
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Figure 7.37: Total magnetic moment for
all the considered magnetic arrangements of
the BTO160_2ndFe supercell.
The BTO160_2ndFe supercell can relax into diﬀerent structures depending on its initial
magnetic arrangement. These structures are the χ, σ′, ξ, λ and ψ′ structures, thus relaxing
to some of the BTO160_1stFe supercell and some newer ones as illustrated in ﬁgure 7.38.
In table 7.6 all the BTO160_2ndFe relaxed structures are presented and assigned to their
respective magnetic arrangements.
Supercell χ σ′ ξ λ ψ′
BTO160_2ndFe_AFM1 d ∈ [9.5; 13]Å × × × ×
BTO160_2ndFe_AFM2 × d ∈ [11.4; 11.9]Å d ∈ [9.5; 11.3]Å d ∈ [12; 13]Å ×
BTO160_2ndFe_FM × × × d ∈ [9.5; 11.3]Å d ∈ [11.4; 13]Å
Table 7.6: Range of d values for the χ, σ′, ξ, λ and ψ′ structures in the BTO160_2ndFe
supercell.
The BTO160_2ndFe_AFM1 supercell relaxes into the χ structure for all the considered
values of d. Figure 7.39 shows that for this structure the BTO160_2ndFe_AFM1 has an AFM
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Figure 7.38: Side (top ﬁgures) and top views (bottom ﬁgures) of the ξ, λ and ψ′ relaxed
structures of the BTO160_2ndFe supercell.
state with a Mtotal close to zero (ﬁgure 7.37), apart from the two lowest values of d where this
supercell has an AFM4 state resulting in a Mtotal ≈ 2µB.
The BTO160_2ndFe_AFM2 supercell, in other hand, has an AFM4 state through its ξ
structure (ﬁgure 7.39) which is the structure which BTO160_2ndFe_AFM2 adopts in the
majority of the considered d. This peculiar magnetic state has a Mtotal ≈ 4.5µB and arises
due to the separation of the Fe1 atom from the remaining three Fe atoms which have a
ferromagnetic alignment to avoid magnetic frustration. Just before its relaxation into the
σ′ structure the Fe4 atom is the one which has an opposite moment to the remaining Fe
atoms (ﬁgure 7.39). For the σ′ structure the Fe1 (or Fe4) is not ”isolated” from the others
anymore, resulting in a AFM state with a Mtotal ≈ 0µB (ﬁgure 7.37). For d ≥ 12Å the
BTO160_2ndFe_AFM2 is in the λ structure which has a ferrimagnetic state with Mtotal ≈
2.5µB or Mtotal ≈ 0.8µB depending on the value of d.
In the BTO160_2ndFe_FM case there are two possible relaxed structures: the λ and the
ψ′ which are clearly seen in the two diﬀerent binding energy curves of ﬁgure 7.36. Despite
having two possible structures, the BTO160_2ndFe_FM supercell has three possible values of
Mtotal, one assigned to the ψ′ structure, Mtotal ≈ 12µB, and two assigned to the λ structure,
Mtotal ≈ 10µB and Mtotal ≈ 8µB respectively.
It is noteworthy that, apart from the Fe atoms, the up and down magnetic moments of the
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Figure 7.39: Fe magnetic moments for diﬀerent magnetic arrangements of the BTO160_2ndFe
supercell.
individual atoms seem to cancel out relatively well in this supercell, similarly to what happens
in ﬁgure 7.35, hence the remaining atoms magnetic moments are not explicitly shown.
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7.2.3 BTO160_3rdFe
Figures 7.40 and 7.41 show the binding energy and total magnetic moment for the
BTO160_3rdFe supercell.
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Figure 7.40: Binding energy for all the
considered magnetic arrangements of the
BTO160_3rdFe supercell.
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Figure 7.41: Total magnetic moment for
all the considered magnetic arrangements of
the BTO160_3rdFe supercell.
Its binding energy is deﬁned by equation 7.7:
EBinding = EBTO160_3rdFe − (4EFe + 4EBa + 3ETi + 12EO) , (7.7)
where EBTO160_3rdFe is the energy of the BTO160_3rdFe supercell.
Besides the already mentioned relaxed structures, the new diﬀerent relaxed structures
obtained in the study of the BTO160_3rdFe supercell, ψ′′, ξ′ and ξ′′, are represented in ﬁgure
7.42. The assignment of each structure to the possible d values for all the initial magnetic
arrangements is presented in table 7.7.
Supercell λ χ ψ ψ′′ ξ′ ξ′′
BTO160_3rdFe_AFM1 × d ∈ [9.5; 10]Å × × d ∈ [10.1; 13]Å ×
BTO160_3rdFe_AFM2 × × × d ∈ [9.5; 10.5]Å × d ∈ [10.6; 13]Å
BTO160_3rdFe_FM d ∈ [9.5; 11.3]Å × d ∈ [11.4; 13]Å × × ×
Table 7.7: Range of d values for the χ, ψ, ψ′′, ξ′, and ξ′′ structures in the BTO160_3rdFe
supercell.
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Figure 7.42: Side (top ﬁgures) and top views (bottom ﬁgures) of the ξ′, ξ′′ and ψ′′ relaxed
structures of the BTO160_3rdFe supercell.
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Figure 7.43: Fe magnetic moments for diﬀerent magnetic arrangements of the BTO160_3rdFe
supercell.
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The binding energy curve of ﬁgure 7.40 allows to clearly distinguish the regions where the
BTO160_3rdFe_AFM1 relaxes to its χ and ξ′, and the two regions where the ψ′′ and the ξ′′
structures of the BTO160_3rdFe_AFM2 occur. The marginal diﬀerences between the ξ′ and
ξ′′ structures result in the same magnetic states on both magnetic arrangements (ﬁgure 7.43),
thus their energy curves and Mtotal curves overlap for d ≥ 10.6Å.
Figure 7.43 shows that for d < 10.6Å BTO160_3rdFe_AFM1 can be in a AFM4 state
with Mtotal ≈ 2µB or in ferrimagnetic sate with Mtotal ≈ 1 − 2µB. On the other hand, the
BTO160_3rdFe_AFM2 supercell has always a AFM4 state with Mtotal ≈ 5.5µB when in its
ψ′′ structure.
Finally the BTO160_3rdFe_FM can relax either into a λ like structure with Mtotal ≈ 10µB
or into the ψ structure with Mtotal ≈ 12µB.
After analysing all the magnetic arrangements for the 1stFe, 2nFe and 3rdFe terminations
of the BTO160/Fe supercells it is possible to reach several conclusions. Firstly, there is
a myriad of possible ﬁnal relaxed structures which can be achieved in an heterostructure
comprised of a rhombohedral BTO unit cell and a monolayer with four Fe atoms in between
BTO unit cells. Nevertheless, this multitude of possible structures results in just a few possible
magnetic states. Figures 7.32, 7.37 and 7.41 show that for the ferromagnetic state there are
three possible Mtotal with ≈ 8, 10 and 12µB. For the AFM arrangements there is a perfectly
AFM state Mtotal = 0µB, and then there are several FiM states with Mtotal ≈ 1, 2, 4 and
5.5µB, depending on the relaxed structures.
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7.2.4 BTO160_Triangular
Figures 7.44 and 7.45 show the binding energy and total magnetic moment for the BTO160_Triangular
supercell.
Its binding energy is deﬁned by equation 7.8:
EBinding = EBTO160_Triangular − (3EFe + 4EBa + 3ETi + 12EO) , (7.8)
where EBTO160_Triangular is the energy of the BTO160_Triangular supercell.
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Figure 7.44: Binding energy of the
BTO160_Triangular supercell.
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Figure 7.46: Relaxed structures of the BTO160_Triangular supercell.
The creation of the BTO160_Triangular supercell had as motivation the study of the
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magnetic eﬀects of a more compact Fe monolayer. This was achieved by removing the Fe
atom from the top (bottom) of the big Ba4 (Ba1) atom(s). Indeed, as seen in ﬁgure 7.46, in
this supercell the Fe monolayer manages to remain bidimensional for most of the considered
values of d. The Fe atoms just start to have vertical shifts when the d distance is so large
that its binding energy gets too large to sustain the bidimensional conﬁguration and it is
energetically more favourable to occupy the created vertical space with the Fe atoms (ﬁgure
7.44).
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Figure 7.47: Magnetic moments for each individual atom of the BTO160_Triangular supercell.
To avoid magnetic frustration between the triangular like Fe disposition, only the ferro-
magnetic arrangement was considered. Figure 7.45 shows a Mtotal ≈ 10µB through most of
the considered interval of d. This should give about 3.3µB per Fe atom, yet the observation
of ﬁgure 7.47a shows that the individual Fe atoms barely reach 3.0µB for most of the consid-
ered d interval. The observation of ﬁgure 7.47b solves this puzzle since it shows that the O
atoms which surround the Fe atoms have an induced magnetic moment. These also induce a
magnetic moment in their closest Ti atoms, hence there is an overall moment enhancement
due to the a priori non magnetic atoms of the BTO160_Triangular supercell.
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7.3 Fe on top of BTO99 and BTO221 {110} and {111} lattice
planes
Another conjecture considers that the Fe is in contact with diﬀerent planes of BTO. This
is quite probably happening in some of the auto-composite interfaces of the BTO:Fe113ppm
mentioned in chapter 5. Therefore, to emulate this conjecture the following methodology
was adopted: Firstly let’s take the BTO99_001 and BTO221_001 unit cells and ”cut” them
through a chosen plane. Then the smallest unit cell built from the selected plane is found,
and ﬁnally a Fe monolayer is placed on top of it.
Figure 7.48: Construction of BTO221_110_1_1stFe supercell from the (110) plane of a
BTO221_001 unit cell and a 1stFe monolayer.
Figure 7.49: The three possible supercell families obtained from the (110) cut plane of a
BTO221_001 unit cell.
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Figure 7.50: All considered BTO221_110_1/Fe and BTO99_110_1/Fe supercells.
Figure 7.51: All considered BTO221_110_2/Fe and BTO99_110_2/Fe supercells.
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Figure 7.48 shows the construction of the BTO221_110_1_1stFe supercell using the (110)
plane of a BTO221_001 unit cell and a Fe monolayer in the 1stFe placement. This same
methodology was used to build the BTO99_110_1_1stFe supercell when the BTO99_001
unit cell is used instead. It is possible to see that after a translation of [0, 0.5b, 0], the
BTO221(99)_110_1_1stFe supercells are quite similar to the BTO38_2ndFe supercell. This
way, the only diﬀerences between the BTO221_110_1_1stFe, BTO99_110_1_1stFe and
BTO38_2ndFe supercell are the values of each lattice parameters and some small deviations
from the atomic coordinates of each atom.
As in the BTO38/Fe supercells, besides the BaTiO layer, the O2 layer of the BTO_110_1
unit cells was considered as a BTO termination, as well as their respective 1stFe and 2ndFe
monolayers. All the considered BTO221(99)_110_1/Fe supercells are presented in ﬁgure 7.50.
Figure 7.52: Construction of BTO99_101_1stFe supercell from the (101) plane of a
BTO99_001 unit cell and a 1stFe monolayer.
Figure 7.53: All considered BTO99_101/Fe supercells.
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If in the methodology illustrated in ﬁgure 7.48, before placing the Fe atoms on top of
the BTO221(99)_110 unit cell, a rotation of 90◦ is done using the a lattice parameter as the
rotation axis, then the BTO221(99)_110_2_1stFe_Ti2O4 supercell is obtained (ﬁgure 7.49).
Figure 7.49 also presents the BTO221(99)_110_2_1stFe_BaO supercell, built by placing the
Fe atoms upon the BaO layer. Based on this structure, by removing the Fe atoms that were on
top of the Ba atoms, the BTO221(99)_110_2_BaO_Interstitial was also built (ﬁgure 7.49).
All the BTO221_110_2/Fe and BTO99_110_2/Fe supercells considered in this thesis are
presented in 7.51.
In the case of the BTO99 unit cell, contrarily to the BTO221 case, the c lattice parameter
is diﬀerent from the a = b lattice parameters. For this reason cutting the unit cell trough the
plane (101) is not exactly the same as cutting through the (110) plane. Hence, as presented
in ﬁgure 7.52, for the tetragonal case of BTO, the construction of the BTO99_101_1stFe was
also done and considered in the calculations. This supercell is identical to the orthorhombic
BTO38_1stFe, apart from the lattice parameters and some deviations of the atoms coordinates
(as in BTO221(99)_110_1_2ndFe). All the BTO99_101/Fe supercells here considered are
presented in 7.53.
Figure 7.54: Construction of BTO221_111_1stFe supercell from the (111) plane of a
BTO221_001 unit cell and a 1stFe termination.
Finally, by cutting the BTO221 unit cell through the (111) plane, as shown in ﬁgure
7.54, BTO221_111_1stFe is obtained. This supercell is clearly similar to the rhombohe-
dral BTO160_1stFe unit cell, thus all the BTO160/Fe variants were also considered in the
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Figure 7.55: All considered BTO221_111/Fe and BTO99_111/Fe supercells.
BTO221_111/Fe case. A similar methodology was also implemented using a BTO99 unit
cell. All the considered BTO221_111/Fe and BTO99_111/Fe supercells considered in the
calculations are presented in ﬁgure 7.55.
The DFT calculations conditions of BTO221(99)_{110}/Fe and BTO221(99)_{111}/Fe
supercells are presented in table 7.8. The considered input magnetic arrangements are in the
same conditions as the ones deﬁned in previous sections.
Lattice parameters (Å)
Supercells Ediff (eV) HF Forces (eV/Å) Ecut (eV) k-points a b
BTO221_110/Fe 10−5 0.02 500 5 4 2 5.6839 4.0191
BTO99_110_1/Fe 10−5 0.02 500 4 5 2 5.6475 4.0348
BTO99_101/Fe 10−5 0.02 500 5 4 2 5.6769 3.9934
BTO221_110_2/Fe 10−5 0.02 500 5 4 2 5.6769 5.6769
BTO99_110_2/Fe 10−5 0.02 500 5 5 3 5.6475 5.6475
BTO221_111/Fe 10−5 0.02 500 5 5 2 5.68387 5.68387
BTO99_111/Fe 10−5 0.02 500 5 5 2 5.6769 5.6769
Table 7.8: DFT calculations conditions of the BTO221(99)_{110}/Fe and
BTO221(99)_{111}/Fe supercells.
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7.4 BTO221(99)_{110}/Fe
7.4.1 Comparison between BTO38_1stFe and BTO_{110}/Fe
As mentioned previously, the BTO221(99)_{110}/Fe supercell family has a direct corre-
spondence with the BTO38/Fe supercells. Here we compare the BTO38_1stFe supercells with
the equivalent BTO99_101_1stFe and BTO221(99)_110_1_2ndFe supercells. Figures 7.56–
7.63 present the binding energies and total magnetic moments for all the considered magnetic
arrangements of these supercells.
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Figure 7.56: Binding energy for all the
considered magnetic arrangements of the
BTO38_1stFe supercell.
8.0 8.5 9.0 9.5 10.0 10.5 11.0 11.5 12.0 12.5 13.0 13.5
-121
-119
-117
-115
-113
-111
-109
-107
-105
E B
in
di
ng
 (e
V)
d (Å)
 BTO99_101_1stFe_AFM1
 BTO99_101_1stFe_AFM2
 BTO99_101_1stFe_AFM3
 BTO99_101_1stFe_FM
BTO99_101_1stFe E(d)
Figure 7.57: Binding energy for all the
considered magnetic arrangements of the
BTO99_101_1stFe supercell.
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Figure 7.58: Total magnetic moment for
all the considered magnetic arrangements of
the BTO38_1stFe supercell.
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Figure 7.59: Total magnetic moment for
all the considered magnetic arrangements of
the BTO99_101_1stFe supercell.
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The binding energies and Mtotal curves have qualitatively the same kind of behaviours,
yet the regions where they occur have some diﬀerences due to the diﬀerent lattice parameters
and initial atomic coordinates. These diﬀerences result in distinct volumes and equilibrium
atomic positions for each supercell, leading to the relaxation of structures similar to the ones
discussed in section 7.1.1. Therefore, it will be assumed that the individual magnetic moment
curves are akin, thus the ﬁnal resultant Mtotal will be immediately discussed.
It is possible to see in ﬁgures 7.57 and 7.59 that for the BTO99_101_1stFe supercell its
ferromagnetic state is the most stable magnetic behaviour. This occurs for almost all the con-
sidered d values (for d ≥ 8.9Å), namely around the global minimum (at d ≈ 11.7Å). A similar
behaviour is also displayed by the BTO221_110_1_2ndFe supercell, which is ferromagnetic
for d ≥ 8.9Å and has its global minimum at d ≈ 11.2Å), as seen in ﬁgures 7.61 and 7.63.
These two supercells contrast with BTO38_1stFe (ﬁgures 7.56 and 7.58) and BTO99_-
110_1_2ndFe supercells (ﬁgures 7.60 and 7.62), which have at least two diﬀerent magnetic
behaviours near their local minima. This feature can be exploited in several scenarios.
First, let’s consider that we have a BTO99_101_1stFe supercell near its predicted global
minimum (ﬁgure 7.57). If a structural phase transition is induced on this supercell, changing
it to the BTO38_1stFe supercell, and its d value remains within the 11.1 ≤ d ≤ 12Å range,
there will be a magnetic order change from the BTO99_110_1_2ndFe FM state with Mtotal ≈
8.5µB (ﬁgure 7.59) to BTO38_1stFe’s AFM state with Mtotal ≈ 0µB (ﬁgure 7.58). Such an
abrupt magnetization switching is truly interesting from a technological point of view, thus
being a very appealing conﬁguration.
Other possible scenario involves the tetragonal BTO99_110_1_2ndFe supercell around
its d ≈ 11.3Å minimum (ﬁgure 7.60). At this point, the tetragonal supercell is in a AFM state
with Mtotal ≈ 0µB (ﬁgure 7.62), yet if there is a transition to its cubic counterpart, without
a substantial change of d, then it will change to a FM BTO221_110_1_2ndFe supercell with
Mtotal ≈ 8.5µB (ﬁgure 7.63).
Another possibility involving BTO99_110_1_2ndFe, consists in a phase transition asso-
ciated with a decrease of d from its tetragonal local minimum at d ≈ 11.3Å to any value
d ≤ 11.1Å of its orthorhombic supercell. In this scenario there is a magnetic phase transi-
tion from the AFM state of BTO99_110_1_2ndFe with Mtotal ≈ 0µB to the FM state of
BTO38_1stFe with Mtotal ≈ 8.5µB.
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It should be pointed out that in this last scenario the magnetic phase transition of the
Fe monolayer is coupled with the ”ferroelectric” phase transitions of the BTO4. The reason
why this last statement might sound familiar is due to the occurrence of an identical be-
haviour in chapter 5, where there was a huge change in magnetization when the tetragonal
BaTiO3:Fe113ppm changed to its orthorhombic ferroelectric phase.
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Figure 7.60: Total magnetic moment for
all the considered magnetic arrangements of
the BTO99_110_1_2ndFe supercell.
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Figure 7.61: Total magnetic moment for
all the considered magnetic arrangements of
the BTO221_110_1_2ndFe supercell.
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Figure 7.62: Total magnetic moment for
all the considered magnetic arrangements of
the BTO99_110_1_2ndFe supercell.
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Figure 7.63: Total magnetic moment for
all the considered magnetic arrangements of
the BTO221_110_1_2ndFe supercell.
4Similarly to the approach made in section 6.1.3, when it is said that there is BTO phase transition it is
assumed that it is possible to control the lateral lattice parameters by attaching a substrate-like BTO to the
heterostructures of each studied supercell. This bulk BTO substrate will impose the lateral lattice parameters
of the supercell according to its structural phase.
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In fact, this eﬀect could justify the O↔T magnetoelectric transition of chapter 5, assuming
that some of the special sites where the Fe segregates, have an interface identical to the
one presented in the BTO99_110_1_2ndFe supercell. However, its T→C transition would
actually have an increase in its magnetization, contrarily to what is observed in chapter 5.
Still, this could be explained by a competition of more than one eﬀect in the T→C transition,
such as the magnetic moment quench of section 6.1.3, whose sum would result in an overall
decrease of magnetization at the T→C transition.
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7.4.2 Comparison between BTO38_2ndFe and BTO_{110} /Fe
Now let’s compare the BTO38_2ndFe supercells with the equivalent BTO99_101_2ndFe
and BTO221(99)_110_1_1stFe supercells. Figures 7.64–7.71 present the binding energies
and total magnetic moments for all the considered magnetic arrangements of these supercells.
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Figure 7.64: Binding energy for all the
considered magnetic arrangements of the
BTO38_2ndFe supercell.
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Figure 7.65: Binding energy for all the
considered magnetic arrangements of the
BTO99_101_2ndFe supercell.
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Figure 7.66: Total magnetic moment for
all the considered magnetic arrangements of
the BTO38_2ndFe supercell.
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Figure 7.67: Total magnetic moment for
all the considered magnetic arrangements of
the BTO99_101_2ndFe supercell.
Once again, it is possible to see that the BTO_{110}/Fe is equivalent to the BTO38_2ndFe
supercells have mostly the same magnetic behaviours and identical binding energy curves (ﬁg-
ures 7.64, 7.65, 7.68 and 7.69). Additionally, the BTO38_2ndFe supercells are also quite
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similar to the BTO38_1stFe supercells, hence the possible interesting magnetic phenomena
are identical to the ones described in last section (ﬁgures 7.66, 7.67, 7.70 and 7.71).
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Figure 7.68: Binding energy for all the
considered magnetic arrangements of the
BTO99_110_1_1stFe supercell.
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Figure 7.69: Binding energy for all the
considered magnetic arrangements of the
BTO221_110_1_1stFe supercell.
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Figure 7.70: Total magnetic moment for
all the considered magnetic arrangements of
the BTO99_110_1_1stFe supercell.
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Figure 7.71: Total magnetic moment for
all the considered magnetic arrangements of
the BTO221_110_1_1stFe supercell.
Here, BTO99_101_2ndFe is the most noteworthy supercell, since apart from the BTO38_-
2ndFe supercell, it is the only one which has more than one magnetic state around its global
minimum at d ≈ 11.3Å (ﬁgure 7.65). At d ≈ 11.3Å this supercell can be either in a FM
state with Mtotal ≈ 8.5µB or in a AFM state with Mtotal ≈ 0µB, once its minimum is in the
vicinity of these two magnetic states (ﬁgure 7.67). This means that this supercell may be by
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itself a good magnetoelectric interface with the capability of switching between the AFM and
FM states with the help, for example, of an electric ﬁeld.
Nonetheless, this supercell has also the ability to couple its magnetic state/order to the
BTO ferroelectric states. As long as its starting d value is within 10.6 ≤ d ≤ 11.3, this
tetragonal supercell will be in the previously mentioned AFM state and can be switched to
one of the FM states of the orthorhombic BTO38_2ndFe supercell (ﬁgure 7.66), depending
on the change of d induced by the structural phase transition.
Using the same starting range of d, it is also possible to induce a AFM to FM magnetic
phase transition correlated with the BTO’s tetragonal to cubic phase transition (ﬁgure 7.71).
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7.4.3 Comparison between BTO38/Fe_O2 and BTO_{110} /Fe_O2
The BTO_{110} /Fe supercells with an O2 termination were also studied. Since most
of these supercells have similar binding energy and total magnetic moment curves, privileg-
ing a FM state through the here considered range of d, most of these supercells will not
be further mentioned in this thesis. Still, there are three – the BTO99_110_1_1stFe_O2,
BTO221_110_1_1stFe_O2 and BTO99_101_2ndFe_O2 supercells – which have promising
magnetic properties.
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Figure 7.72: Binding energy for all the
considered magnetic arrangements of the
BTO99_110_1_1stFe_O2 supercell.
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Figure 7.73: Binding energy for all the
considered magnetic arrangements of the
BTO221_110_1_1stFe_O2 supercell.
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Figure 7.74: Total magnetic moment for
all the considered magnetic arrangements of
the BTO99_110_1_1stFe_O2 supercell.
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Figure 7.75: Total magnetic moment for
all the considered magnetic arrangements of
the BTO221_110_1_1stFe_O2 supercell.
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Looking at the binding energies of the BTO99_110_1_1stFe_O2 and BTO221_110_1_-
1stFe_O2 supercells (ﬁgures 7.72 and 7.73), it is possible o see that the pseudo-cubic supercell
has a perfect AFM state for most of the considered values of d, namely near its global min-
imum at d ≈ 9.2Å (ﬁgure 7.73). This contrasts with the Mtotal ≈ 12.2µB FM state of
the BTO99_110_1_1stFe_O2 supercell around its global minimum, also at d ≈ 9.2Å (ﬁg-
ure 7.72). If a bulk-like BTO attached to these interfaces suﬀers a phase transition, then
there would be a magnetic phase transition between the Mtotal = 0µB AFM state and the
Mtotal ≈ 12.2µB FM state, hence these supercells would also be good candidates to explain
the T↔C magnetoelectric phase transitions seen in chapter 5.
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Figure 7.76: Binding energy for all the
considered magnetic arrangements of the
BTO38_2ndFe_O2 supercell.
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Figure 7.77: Binding energy for all the
considered magnetic arrangements of the
BTO99_101_2ndFe_O2 supercell.
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Figure 7.78: Total magnetic moment for
all the considered magnetic arrangements of
the BTO38_2ndFe_O2 supercell.
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Figure 7.79: Total magnetic moment for
all the considered magnetic arrangements of
the BTO99_101_2ndFe_O2 supercell.
201
DFT Modeling of other BaTiO3/Fe interfaces
On the other hand, ﬁgure 7.77 shows a metastable minimum at d ≈ 10.2Å for the
BTO99_101_2ndFe_O2 supercell. This metastable state is associated with a close to perfect
AFM state, as shown in ﬁgure 7.79. Still, at d ≈ 10.2Å there is a metastable FM state with
Mtotal ≈ 12µB, which could be accessed by decreasing the value of d by about 3% of its AFM
equilibrium value, with the resort of some sort of external perturbation.
Moreover, since this supercell is equivalent to the BTO38_2ndFe_O2 supercell, it makes
sense to see what would happen if the O↔T phase transition occurred. Figures 7.76 and 7.78
show that the BTO38_2ndFe_O2 supercell has its global minimum around d ≈ 9.7Å, thus a
phase transition from the tetragonal to the orthorhombic phase would induce a magnetization
increase due to the change of the Mtotal ≈ 0µB AFM state to the Mtotal ≈ 12µB FM state.
However, ﬁgure 7.77 shows that the BTO99_101_2ndFe_O2 supercell has its global minimum
at d ≈ 9.3Å, hence this magnetic transition, if thermally activated, would be irreversible.
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7.5.1 BTO221(99)_110_2_1stFe_BaO
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Figure 7.80: Binding energy for all the
considered magnetic arrangements of the
BTO99_110_2_1stFe_BaO supercell.
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Figure 7.81: Binding energy for all the
considered magnetic arrangements of the
BTO221_110_2_1stFe_BaO supercell.
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Figure 7.82: Total magnetic moment for
all the considered magnetic arrangements of
the BTO99_110_2_1stFe_BaO supercell.
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Figure 7.83: Total magnetic moment for
all the considered magnetic arrangements
of the BTO221_110_2_1stFe_BaO super-
cell.
The binding energy and total magnetic moment for the BTO221(99)_110_2_1stFe_BaO
supercells (ﬁgure 7.51) are shown in ﬁgures 7.80–7.83.
The binding energy is deﬁned by equation 7.9:
EBinding = EBTO221(99)_110_2_1stFe_BaO − (4EFe + 4EBa + 2ETi + 8EO) , (7.9)
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where EBTO221(99)_110_2_1stFe_BaO is the energy of the BTO221(99)_110_2_1stFe_BaO su-
percells.
The observation of both the binding energies and total magnetic moment curves shows
that they are identical for both the BTO221(99)_110_2_1stFe_BaO supercells. For this
reason, to avoid unnecessary plot repetition, only BTO99_110_2_1stFe_BaO individual Fe
moments for the diﬀerent magnetic arrangements are presented (ﬁgure 7.84). This approach
will also be used later in BTO221(99)_110_2/Fe supercells.
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Figure 7.84: Fe magnetic moments for diﬀerent magnetic arrangements of the
BTO(221)99_110_2_1stFe_BaO supercells.
All the considered magnetic arrangements relax into one of two ﬁnal structures. The ﬁrst
has a Fe monolayer, as in its initial placement, while in the second structure the Fe1 and Fe3
atoms go upward, conserving their lateral positions, resulting in a Fe bilayer. Figure 7.84 shows
that the BTO99_110_2_1stFe_BaO_AFM1 supercell has a completely balanced AFM state
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Figure 7.85: Density of states of the BTO99_110_2_1stFe_BaO supercell at d = 6.3Å.
through most of the considered d range. This supercell has an Fe monolayer structure for
d ≤ 8Å and the bilayered structure for d > 8Å. Still, curiously, this structural change does
not seem to aﬀect considerably its magnetic properties5. However, there is a quite interesting
eﬀect seen in BTO99_110_2_1stFe_BaO_AFM1 at d ≤ 6.8Å, where the Fe1 and Fe3 atoms,
which are between the Ba atoms, have their magnetic moments quenched. To understand
this particular phenomenon, let’s look at the DOS of BTO99_110_2_1stFe_BaO_AFM1 at
d = 6.3Å, shown in ﬁgure 7.85, and the charge and SP charge density diﬀerence of ﬁgure 7.86.
It is visible that the Fe1 and Fe3 atoms have exactly the same DOS, which consist of
equally occupied up and down spin electrons. These DOS are in line with their magnetic
moments, m = 0µB. On the other hand, the DOS of the Fe2 and Fe4 atoms are symmetric to
each other, and have up and down spin majority electrons respectively, which together with
the other’s null moments result in a Mtotal = 0µB. Additionally, it is important to point out
that for the presented energy range there are quite few Ba DOS (which partially overlap with
the Fe1 and Fe3 atoms), and that the majority of O’s DOS does not overlap with Fe DOS.
These features are clearly perceptible in the charge density of ﬁgure 7.86, which was
calculated for E-EF ∈ [−3, 0] eV. The Ba atoms do not show an expressive charge density, and
5The same monolayered and bilayered structures occur in the remaining magnetic arrangements for the
tetragonal supercells around the same range, still their magnetic curves also seem unaffected by the dire
structural change.
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Figure 7.86: Charge density (left) and SP charge density diﬀerence (right) of the
BTO99_110_2_1stFe_BaO_AFM1 for d = 6.3Å across one of the supercell faces, calcu-
lated for E-EF ∈ [−3, 0] eV.
the one that is perceptible does not overlap at all with Fe charge density. The O atoms, as
in section 6.1.2, have part of their electrons overlapping with Ti’s electrons but not with Fe’s
electrons, distorting the latter’s shape as if they were tying to be the farthest away possible
from the O’s electrons. Still, as it is perceptible in the SP charge density charge of ﬁgure 7.86 it
is possible to see that the Fe atoms which have their moments quenched are the ones between
the Ba atoms. This happens due to the huge pressure exerted on the Fe atoms by the Ba atoms
(p ≈ 152GPa along the z direction), which makes their magnetic moment to collapse, similar
to what happens in iron-rich materials when subjected to high enough pressures [234–236].
Moreover, looking at the binding energies of BTO99_110_2_1stFe_BaO_AFM1 at its global
minimum, around d = 10.65Å (EBinding ≈ −119.5 eV → p = 0Pa), and at the value where
the magnetic moment ﬁrst collapses, d = 6.8Å (EBinding ≈ −96.9 eV → p ≈ 152GPa), it is
possible to see that there is a diﬀerence of about 22 eV between these two points. This is
completely diﬀerent from what happens in the BTO221(99)_001_2ndFe cases, once ﬁgures
6.41 and 6.42 show that there is a local minimum for the null-spin state, thus the magnetic
moment quench can occur even at p = 0Pa. This implies, once again, that the role of the Ti
atom is in fact crucial to the spin state of Fe.
Figure 7.84 shows that BTO99_110_2_1stFe_BaO_AFM2 supercell can have two states,
a perfect or nearly perfect AFM state for d > 7.5Å and a ferromagnetic state for d ≤ 7.5Å. The
latter’s is actually the same state which can be seen in BTO221(99)_110_2_1stFe_BaO_FM
supercells.
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Finally, the most stable magnetic arrangement for most of the considered d is the one
considered in BTO221(99)_110_2_1stFe_BaO_FM supercells. These supercells have always
a FM state whose Mtotal decreases along with d. However, at d = 6Å the magnetic moments
of BTO221_110_2_1stFe_BaO_FM collapse. Even though the magnetic collapse is not
seen for the BTO99_110_2_1stFe_BaO_FM supercell, it should also occur if d is further
decreased, since, as seen in section 6.1.2, the diﬀerent lateral lattice parameters often induce
a shift at the energy and magnetic properties curves.
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7.5.2 BTO221(99)_110_2_1stFe_BaO_Interstitial
The binding energy and total magnetic moment of the BTO221(99)_110_2_1stFe_BaO-
_Interstitial supercells (ﬁgure 7.51) are shown in ﬁgures 7.87–7.90.
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Figure 7.87: Binding energy for all the
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BTO99_110_2_1stFe_BaO_Interstitial
supercell.
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Figure 7.88: Binding energy for all the
considered magnetic arrangements of the
BTO221_110_2_1stFe_BaO_Interstitial
supercell.
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supercell.
Their binding energy is deﬁned by equation 7.10:
EBinding = EBTO221(99)_110_2_1stFe_BaO_Interstitial − (2EFe + 4EBa + 2ETi + 8EO) , (7.10)
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where EBTO221(99)_110_2_1stFe_BaO is the energy of the BTO221(99)_110_2_1stFe_BaO-
_Interstitial supercells.
It is perceptible from the observation of ﬁgures 7.87–7.90 that, also here, the binding ener-
gies and Mtotal of both the tetragonal and cubic supercells are identical. Actually, comparing
the individual Fe moments curves of ﬁgure 7.91 with the ones from ﬁgure 7.84, one can conclude
that the BTO221(99)_110_2_1stFe_BaO_Interstitial supercells have the same magnetic mo-
ment curves as the Fe2 and Fe4 magnetic moment curves from the BTO221(99)_110_2_1stFe-
_BaO supercells. This happens since the design of the BTO221(99)_110_2_1stFe_BaO-
_Interstitial supercells consists on the removal of the Fe1 and Fe3 atoms from the
BTO221(99)_110_2_1stFe_BaO supercells, yet it is somehow surprising that no substantial
changes occur when relaxing this new supercells.
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Figure 7.91: Fe magnetic moments for diﬀerent magnetic arrangements of the and
BTO(221)99_110_2_1stFe_BaO_Interstitial supercells.
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Figure 7.93: Density of states of the BTO221_110_2_1stFe_BaO_Interstitial_AFM and
BTO221_110_2_1stFe_BaO_Interstitial_FM supercells at d = 6.0Å.
Notwithstanding, even though the BTO221(99)_110_2_1stFe_BaO_Interstitial super-
cells do not possess the Fe placed between the Ba atoms, there is still the quench of the re-
maining Fe atoms for the BTO221_110_2_1stFe_BaO_Interstitial supercells at d / 6.4Å,
as seen in the ﬁgure 7.91. To further understand this phenomenon, let’s look at ﬁgure
7.93 which shows the DOS of both BTO221_110_2_1stFe_BaO_Interstitial_AFM and
BTO221_110_2_1stFe_BaO_Interstitial_FM supercells at d = 6.0Å. First of all, it is clear
that below the Fermi level both supercells have exactly the same DOS, which means that both
the AFM and FM arrangement are in the same state at d = 6.0Å.
Secondly, it is also possible to see that the characteristics of the Fe DOS of ﬁgure 7.93
are similar to the Fe1 and Fe3 DOS from the BTO99_110_2_1stFe_BaO at d = 6.3Å
(ﬁgure 7.85), namely their metallic nature which contrasts with the semi-conductive nature of
the BTO221(99)_001_2ndFe supercels at their null-spin state. The favouring of the metallic
nature of the BTO99_110_2_1stFe_BaO and BTO99_110_2_1stFe_BaO_Interstitial null-
spin state supercells agrees with the work of Pasternak et al., where Fe3O4 also favours a
metallic nature when its magnetic moments collapse [236]. This is clearly diﬀerent from the
BTO221(99)_001_2ndFe supercells which tend to be more insulators when in their null-spin
state than in their high-spin state.
Moreover, ﬁgure 7.94 shows that in the BTO221_110_2_1stFe_BaO_Interstitial_FM
supercell, although there is a clear ﬂattening of the Fe charge density due to the O electric
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Figure 7.94: Charge density (left) and SP charge density diﬀerence (right) of the
BTO99_110_2_1stFe_BaO_Interstitial_FM for d = 6.0Å across one of the supercell faces,
calculated for E-EF ∈ [−3, 0] eV.
ﬁeld, this time the latter’s electrons clearly overlap with Fe electron cloud. It should be
noticed that the Fe atom of ﬁgure 7.94 is not as ﬂattened as its equivalent Fe atom from
BTO99_110_2_1stFe_BaO at d = 6.3Å (ﬁgure 7.85). This might have to do with latter’s
ability to overlap its Fe electron cloud with its neighbouring Fe atoms, while in the former
case such is not possible once there aren’t any neighbour Fe atoms available. Therefore, since
there are no Fe between the Ba atoms, the pressure eﬀects of O (p ≈ 135GPa for d = 6.4Å)
are enough to induce the collapse of the Fe magnetic moments.
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7.5.3 BTO221(99)_110_2_2ndFe_BaO
The BTO221(99)_110_2_2ndFe_BaO (ﬁgure 7.51) supercells families are a very special
kind of supercells. Let’s look at their binding energy and total magnetic moment which are
shown in ﬁgures 7.95–7.98.
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Figure 7.95: Binding energy for all the
considered magnetic arrangements of the
BTO99_110_2_2ndFe_BaO supercell.
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Figure 7.96: Binding energy for all the
considered magnetic arrangements of the
BTO221_110_2_2ndFe_BaO supercell.
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Figure 7.97: Total magnetic moment for
all the considered magnetic arrangements of
the BTO99_110_2_2ndFe_BaO supercell.
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Figure 7.98: Total magnetic moment for
all the considered magnetic arrangements
of the BTO221_110_2_2ndFe_BaO su-
percell.
Here their binding energy is deﬁned by equation 7.11:
EBinding = EBTO221(99)_110_2_2ndFe_BaO − (4EFe + 4EBa + 2ETi + 8EO) , (7.11)
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where EBTO221(99)_110_2_2ndFe_BaO is the energy of the BTO221(99)_110_2_2ndFe_BaO
supercells.
It is perceptible that around their global minimum they have completely diﬀerent magnetic
states. While the BTO99_110_2_2ndFe_BaO supercell has a more stable AFM state, the
BTO221_110_2_2ndFe_BaO supercell clearly favours a FM state.
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Figure 7.99: Fe magnetic moments for diﬀerent magnetic arrangements of the and
BTO(221)99_110_2_2ndFe_BaO supercells.
This is quite surprising for several reasons. First, both supercells have very similar struc-
tures, with its Fe monolayer remaining placed at the same lateral position as the initial input.
Secondly, after a careful observation of both the Mtotal and their individual Fe magnetic
moments curves for all the BTO221(99)_110_2_2ndFe_BaO supercells, it is possible to
see that they are actually identical. Nevertheless, the BTO99_110_2_2ndFe_BaO_AFM6
6In the BTO99_110_2_2ndFe_BaO supercells the AFM1 and AFM2 result exactly in the same magnetic
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curves are almost 2 eV more stable than its FM counterpart, while in the cubic supercells the
BTO221_110_2_2ndFe_BaO_FM is the more stable one.
This has a huge technological potential since one can exploit such a feature to deposit a
Fe monolayer between a BTO221_110_2 bulk-like BTO and use an electric ﬁeld to induce
its tetragonal phase (similar to what was suggested in section 6.1.2), which will result in a
magnetoelectric coupling between the AFM state for the BTO tetragonal phase and the FM
state for the cubic phase. Another promising characteristic is the fact that this happens at
the predicted global minimum, making it easier to reproduce from an experimental point of
view.
and binding energy curves , thus only one is presented. The same happens in the BTO221_110_2_2ndFe_BaO
AFM1 and AFM2 supercells.
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7.5.4 BTO221(99)_110_2_1stFe_Ti2O4
Figures 7.100–7.103 present the binding energy and total magnetic moment of the BTO221-
(99)_110_2_1stFe_Ti2O4 supercells (ﬁgure 7.51).
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Figure 7.100: Binding energy for all the
considered magnetic arrangements of the
BTO99_110_2_1stFe_Ti2O4 supercell.
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Figure 7.101: Binding energy for all the
considered magnetic arrangements of the
BTO221_110_2_1stFe_Ti2O4 supercell.
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Figure 7.102: Total magnetic moment for
all the considered magnetic arrangements
of the BTO99_110_2_1stFe_Ti2O4 su-
percell.
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Figure 7.103: Total magnetic moment for
all the considered magnetic arrangements of
the BTO221_110_2_1stFe_Ti2O4 super-
cell.
The binding energy is deﬁned by equation 7.12:
EBinding = EBTO221(99)_110_2_1stFe_Ti2O4 − (4EFe + 2EBa + 4ETi + 10EO) , (7.12)
where EBTO221(99)_110_2_1stFe_Ti2O4 is the energy of the BTO221(99)_110_2_1stFe_Ti2O4
supercells.
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Figure 7.104: Fe magnetic moments for diﬀerent magnetic arrangements of the and
BTO(221)99_110_2_1stFe_Ti2O4 supercells.
The binding energy curves show that there is a substantial diﬀerence on the favoured
magnetic states between the BTO221(99)_110_2_1stFe_Ti2O4 supercells (ﬁgures 7.100 and
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7.101). While BTO221_110_2_1stFe_Ti2O4 has a more stable FM state among all its
considered magnetic arrangements at all the considered d, BTO99_110_2_1stFe_Ti2O4 has
many regions with diﬀerent stable magnetic states (ﬁgure 7.100). As a matter of fact, for
6.9 ≤ d ≤ 11.3, in both the BTO221(99)_110_2_1stFe_Ti2O4 supercells the AFM1 and
FM initial arrangements have, for the most part, the same binding energies in the tetragonal
and cubic cases. However, the AFM2 curves are completely diﬀerent for the tetragonal and
cubic supercells, where in the former’s case it is the most stable arrangement at the above
mentioned range.
These diﬀerences in their binding energies are also reﬂected on their total and individ-
ual magnetic moments (ﬁgures 7.102, 7.103 and 7.104). The BTO99_110_2_1stFe_Ti2O4-
_AFM2 supercell has a perfect AFM state for d < 9Å, and a close to perfect AFM sate
for the remaining values, with Mtotal < 1µB. The BTO221_110_2_1stFe_Ti2O4_AFM2
supercell, on the other hand, has a ferromagnetic state for d < 7Å, which overlaps with the
cubic’s FM arrangement curve in the same range of d. For d > 7Å it has a ferrimagnetic state
with Mtotal < 4.5µB which decreases gradually as d increases till the complete cancellation of
Mtotal through the compensation of the Fe magnetic moments (ﬁgure 7.104).
Figure 7.104 shows the FM arrangement of both BTO221(99)_110_2_1stFe_Ti2O4 su-
percells which have identical magnetic curves, showing a gradual decrease of the Fe2 and Fe4
magnetic moments.
Finally, let’s discuss the AFM1 arrangement. In the cubic supercell, its magnetic moments
always cancel out, independently of the considered d, whereas for the tetragonal case this just
occurs between 6.5 < d < 11.3Å, while for the remaining values of d this supercell has a FiM
state with Mtotal ≈ 2µB . Nonetheless the peculiarity of the BTO99_110_2_1stFe_Ti2O4-
_AFM1 supercell lies in the individual magnetic moments of its Fe2 and Fe4 atoms at
d ≤ 6.5Å, which have a null value. At ﬁrst glance, one could say that this phenomenon
is analogous to the one reported for the BTO99_110_2_1stFe_BaO_AFM1, where only two
of its four Fe atoms have their magnetic moment quenched as well, as seen in ﬁgure 7.104.
Still, looking at the binding energies of ﬁgure 7.100 , one can see that the energy actually
decreases substantially for the magnetic quench, unlike to the swiftly increase reported in the
BTO99_110_2_1stFe_BaO_AFM1 (ﬁgure 7.80).
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Figure 7.105: Density of states of the BTO99_110_2_1stFe_Ti2O4_AFM1 supercell
at d = 6.2Å.
To further understand the mechanism behind this eﬀect, the DOS of the BTO99_110_2-
_1stFe_Ti2O4_AFM1 at d = 6.2Å are presented in ﬁgure 7.105. The observation of the
Fe1 and Fe3 DOS justiﬁes their unbalanced magnetic moments once it is perceptible that
the Fe3 possesses more spin down electrons (its majority electrons) than the Fe1 up spin
majority electrons. The Fe2 and Fe4 atoms, on the other hand have overlapping DOS curves
which possess the same number of up and down electrons, hence having a null individual
magnetic moment, despite the up and down DOS not being completely symmetric. In this
supercell, for the presented range of energies, there are almost no Ba DOS. Figure 7.105 also
shows that a good portion of the Ti atoms hybridize with the Fe1, Fe2 and Fe4 atoms, while
the remaining DOS tend to overlap with the O DOS, which in their way, do not show any
substantial overlapping with Fe DOS. Finally it is noteworthy that this supercell would also
be a p-type semiconductor (as in the BTO221(99)_001_2ndFe null-spin state) if it wasn’t for
the Fe3 DOS, having instead a half-metallic nature.
Until now, everything points to the fact that the mechanism which induces the magnetic
quench of the BTO99_110_2_1stFe_Ti2O4_AFM1 is diﬀerent from the magnetism collapse
of the BTO99_110_2_1stFe_BaO_AFM1 supercell. To conﬁrm the previous statement,
the charge and SP charge densities were calculated and are presented in ﬁgure 7.106. Since
this supercell relaxed coordinates are quite diﬀerent from the initial atoms placement, it is
impracticable to show the charge densities through cross section planes. Nevertheless, ﬁgure
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7.106 shows an appropriately chosen isosurface of the charge density (or SP charge density
diﬀerence), enabling a clear exposition of the present phenomena.
Figure 7.106: Isosurfaces of the charge density (0.03 electrons/Å3), at the
left, and SP charge density diﬀerence (0.01 electrons/Å3), at the right, for the
BTO99_110_2_1stFe_Ti2O4_AFM1 at d = 6.2Å, calculated for E-EF ∈ [−3, 0] eV.
It should be pointed out that the Fe2 and Fe4 atoms have a hybridization of their elec-
trons, and that each one has its orbitals hybridized with two Ti atoms. The neighbouring O
atoms also deform the Fe2 and Fe4 orbitals, without having any hybridization. The now de-
scribed scenario is actually quite similar to the one reported for the BTO221(99)_001_2ndFe
supercells, implying that the magnetic quench occurs due to an equivalent mechanism. This
reinforces the hypothesis that the Ti hybridization, together with the O electric ﬁeld, are
crucial to the appropriate crystal ﬁeld to induce the Fe magnetic moment quench7. On the
oher hand, the Fe1 and Fe3 are not in the same conditions as Fe2 and Fe4.
The Fe3, in the center of the supercell, is surrounded by 8 O atoms, which in spite of
shaping Fe3’s charge density, do not aﬀect its magnetic moment.
The Fe1 atom is placed between two O atoms, leading to the ﬂattening of its electron cloud,
and hybridizes with four distinct Ti atoms. This atomic conﬁguration results in a depletion
of its magnetic moment to m ≈ 1 6= 0. Therefore, although the Fe1 has a crystal ﬁeld caused
by Ti and O atoms, there is not a complete quench of its magnetic moment, most likely due
7In the BTO221(99)_001_2ndFe supercells there was also a clear hybridization of the Fe atoms, which
means that, probably this factor is also important to the magnetic moment quench.
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to the inadequate symmetry of the neighbouring atoms, or due to the lack of an aditional Fe
neighbour and the excess of Ti atoms.
Finally, the observation of ﬁgure 7.106 SP charge density diﬀerence conﬁrms the null
magnetic moment of the Fe2 and Fe4 atoms, and the FiM nature of the Fe1 and Fe3 atoms
(the yellow and blue isosurfaces represent the positive and negative diﬀerence of SP electrons
respectively).
220
7.5 BTO221(99)_110_2/Fe
7.5.5 BTO221(99)_110_2_2ndFe_Ti2O4
The binding energy and total magnetic moment for the BTO221(99)_110_2_2ndFe-
_Ti2O4 supercells (ﬁgure 7.51) are shown in ﬁgures 7.107–7.110.
The binding energy is deﬁned by equation 7.13:
EBinding = EBTO221(99)_110_2_2ndFe_Ti2O4 − (4EFe + 2EBa + 4ETi + 10EO) , (7.13)
where EBTO221(99)_110_2_2ndFe_Ti2O4 is the energy of the BTO221(99)_110_2_2ndFe_Ti2O4
supercells.
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Figure 7.107: Binding energy for all the
considered magnetic arrangements of the
BTO99_110_2_2ndFe_Ti2O4 supercell.
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Figure 7.108: Binding energy for all the
considered magnetic arrangements of the
BTO221_110_2_2ndFe_Ti2O4 supercell.
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Figure 7.109: Total magnetic moment for
all the considered magnetic arrangements of
BTO99_110_2_2ndFe_Ti2O4.
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Figure 7.110: Total magnetic moment for
all the considered magnetic arrangements of
BTO221_110_2_2ndFe_Ti2O4.
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Figure 7.111: Fe magnetic moments for diﬀerent magnetic arrangements of the
BTO(221)99_110_2_2ndFe_Ti2O4 supercells.
The binding energies show that in the cubic and tetragonal supercells the ferromagnetic
state is the more stable one. The remaining magnetic curves are associated with balanced
AFM order for in both the BTO221(99)_110_2_2ndFe_Ti2O4, as it is perceptible by the
observation of ﬁgure 7.111.
The constancy in magnetic behaviours trough all the considered range of d and the close
similarities between the cubic and tetragonal supercells, result in a lack of magnetoelectric
coupling in these particular interfaces, thus these supercells have a low technological potential
for magnetoelectric applications.
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7.6 BTO221(99)_{111}/Fe
In section 7.2 it was seen that the BTO160/Fe supercells for the 2ndFe,3rdFe and Tri-
angular monolayers were ferromagnetic for all the considered range of d. Similarly, the
BTO221(99)_{111}/Fe supercells also present a more stable ferromagnetic state. For this
reason they will not be individually presented in this thesis, due to the lack of substantial new
information.
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Chapter 8
BaTiO3 EFG and PAC measurements
In chapter 6 it was seen that the crystal ﬁeld and other local eﬀects at the atomic scale
can be determinant to the magnetic moment of the Fe atoms. For this reason, and as seen in
the same chapter, hyperﬁne properties are very good candidates to study the diﬀerent local
eﬀects/environments of the BTO/Fe heterostructures. In order to infer the potential and
validity of such studies, namely the usage of techniques such as PAC spectroscopy, a DFT
and experimental study of the BaTiO3 EFG at the diﬀerent possible sites, will be presented
in this chapter.
As discussed in chapter 4, to use PAC spectroscopy a radioactive probe which has a γ − γ
cascade is required. Here the 111mCd isotope will be considered as the probe candidate, since
it is an isotope widely used by our group at ISOLDE, CERN.
To perform the density functional theory calculations I used the Vienna ab-initio simulation
package, VASP [226] (version 5.4.1) , which implements the projector augmented wave method
[227]. The exchange correlation functional is the generalized gradient approximation (GGA)
with the Perdew-Burke-Ernzerhof (PBE) parametrization [32].
8.1 DFT EFG predictions for pure Tetragonal BaTiO3
Firstly, the calculation of the EFG for the case of a pure BTO supercell was done. In this
stage of the study, a BTO supercell containing 3×3×3 tetragonal BTO unit cells was consid-
ered, with the experimental lattice parameters a = b = 3.9925Å and c = 4.0365Å [174], result-
ing in an overall supercell parameters of asuper = bsuper = 11.9775Å and csuper = 12.1095Å .
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The calculations were made allowing full atomic relaxation for all fractional coordinates, min-
imizing the Hellmann-Feynman forces below a tolerance value of 0.01 eV/Å. The electronic
self-consistent cycles were considered converged when the energy diﬀerences between two it-
erations were less than 10−6 eV. A 3× 3× 3 k-points grid was considered for the calculations
in reciprocal space, and the cut-oﬀ energy for the plane waves was set as 500 eV.
Table 8.1 shows the summary of the EFG results for each non-equivalent site of the tetrag-
onal BTO supercell. Each of the 135 atoms of the considered BTO supercell has an EFG value
equal to its correspondent site, with a possible deviation from the table value only in the 3rd
decimal case. The Ba and Ti Vzz values are in good agreement with the NMR experimental
values measured for BTO [237], mainly when taking into account that for EFG values close
to zero there might be a bigger relative ”uncertainty” [238].
DFT EFG BTO
Site Vxx (V/Å2) Vyy (V/Å2) Vzz (V/Å2) η
Ba 2.72 2.72 -5.44 0.00
Ti -1.17 -1.17 2.34 0.00
Oequatorial -14.63 -11.11 25.74 0.14
Oapical -8.19 -8.19 16.40 0.00
Table 8.1: Pure BTO DFT predicted EFG at the diﬀerent possible sites.
The values of table 8.1 will be considered as the reference values to compare with the
results obtained in the BaTiO3:Cd case. Additionally the binding energy of equation 8.1:
EBinding = EBTO − (27EBa + 27ETi + 81EO) ≈ −1027.2 eV , (8.1)
was also determined, where EBTO is the energy of the 3× 3× 3 pure BTO supercell, and EBa,
ETi and EO are the energy of the each individual atom.
8.2 DFT EFG predictions for BaTiO3:Cd
To study the eﬀects of the Cd atom in the BTO matrix, several calculations were performed
where an atom of the previously considered BTO supercell was replaced by a Cd atom. To
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do such a study, all the possible non-equivalent sites were considered, thus individual sets of
calculations for each of the Ba, Ti, Oequatorial and Oapical sites were performed using the same
calculation methodology and parameters used in the pure BTO supercell.
The 1/135 dilution of the Cd in the 3 × 3 × 3 supercell was necessary to mimic the
diluted implantation typically used in PAC spectroscopy, reducing the eﬀects of the ”next”
Cd atom from the periodic boundaries conditions, while remaining in a feasible and practical
computational regime1.
To determined the binding energy of each supercell containing Cd, equations 8.2–8.5 were
deﬁned:
EBinding(Ba) =EBTO:Cd(Ba) −(ECd + 26EBa + 27ETi + 81EO) , (8.2)
EBinding(Ti) =EBTO:Cd(Ti) −(ECd + 27EBa + 26ETi + 81EO) , (8.3)
EBinding(Oequatorial) =EBTO:Cd(Oequatorial) −(ECd + 27EBa + 27ETi + 80EO) , (8.4)
EBinding(Oapical) =EBTO:Cd(Oapical) −(ECd + 27EBa + 27ETi + 80EO) , (8.5)
where EBTO:Cd(Ba), EBTO:Cd(Ti), EBTO:Cd(Oequatorial) and EBTO:Cd(Oapical) are the energy of
the BaTiO3:Cd supercell for the Cd subtitution on the Ba, Ti, Oequatorial and Oapical sites
respectively, and ECd, EBa, ETi and EO are the energy of the each individual atom.
Figure 8.1: BTO:Cd (Cd at the Ba site)
structure after relaxation.
Figure 8.2: BaTiO3:Cd (Cd at the Ti site)
structure after relaxation.
1A 4 × 4 × 4 supercell would result in calculations involving 320 atoms, which would be quite a challenge
from the computational point of view since the calculation time increases approximately with the cube of the
number of valence electrons.
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Figure 8.3: BaTiO3:Cd (Cd at the
Oequatorial site) structure after relaxation.
Figure 8.4: BaTiO3:Cd (Cd at the Oapical
site) structure after relaxation.
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Figure 8.5: Cd eﬀects on the EFG mag-
nitude of its neighbouring atoms. The Cd
atom is at the Ba site
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Figure 8.6: Binding energy of the
BaTiO3:Cd at the Ba site for diﬀerent po-
sitions of the Cd atom with relation to its
equilibrium position.
Figures 8.1-8.4 show the distortions of the BTO:Cd supercell, caused by Cd atom to its
surrounding atoms, after the atomic relaxation below the tolerance value for each possible Cd
substituting site. At the Ba site (ﬁgure 8.1) there is a small repulsion of the Cd ﬁrst neighbours
(O atoms) and a even smaller attraction of its second neighbours (Ti atoms), suggesting that
the Cd would have a less positive (or more negative) charge than the Ba atom, typically in
Ba2+ valency, from whom the site had belonged. Figure 8.5 shows the EFG magnitude for the
diﬀerent atoms surrounding the Cd atom. This ﬁgure shows that there is a clear deviation
from the EFG calculated in the pure BTO supercell, mainly for the atoms closer to the Cd
atom. This deviations get attenuated for larger distances, fact more evident for the O atoms,
which ”converge” to their reference BTO EFG when they are around 6Å away from the Cd.
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The equilibrium binding energy for the BaTiO3:Cd at the Ba site is about -1021.6 eV, being
slightly less stable than the binding energy of the pure BaTiO3 (ﬁgure 8.6). The equilibrium
binding energy corresponds to the energy of the BTO:Cd supercell after the atomic relaxation
of its Hellmann-Feynman forces below the tolerance value, and the D variable is a translation
of the Cd around its equilibrium point along the indicated x, y or z axis.
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Figure 8.7: Cd eﬀects on the EFG mag-
nitude of its neighbouring atoms. The Cd
atom is at the Ti site
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Figure 8.8: Binding energy of the
BaTiO3:Cd at the Ti site for diﬀerent po-
sitions of the Cd atom with relation to its
equilibrium position.
Figure 8.2 shows the local distortions induced by the Ti substitution by the Cd atom after
the atomic relaxation of the whole supercell. It is possible to see a considerable amount of
repulsion of the closest O atoms which is perceptible even for the Cd second O neighbours,
being clearly a more substantial eﬀect than the one seen in the Ba site case, probably due to
the bigger diﬀerence of the valency between the Ba2+ and the Ti4+ ions. Figure 8.7 presents,
in a quantitative way, the eﬀects of these distortions, showing a clear shift of the O EFG when
compared with the pure BTO supercell. Nevertheless, it is at the Ti neighbour atoms where
it is seen the biggest eﬀect of the distortion on the EFG, which can reach values as high as
65V/Å2. Still the structural eﬀects seem to vanish for the atoms which are around ≥ 7Å
away, as their EFG values approach the ones from the pure BTO supercell. The equilibrium
binding energy for the BaTiO3:Cd at the Ti site is about -1012.1 eV (ﬁgure 8.8), less stable
than the binding energy of the BaTiO3:Cd at the Ba site and consequently much less stable
than the pure BaTiO3.
Even though the distortion eﬀects of the Ti substitution by a Cd atom are already consid-
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erable, the greatest eﬀects on the BTO lattice occur for the substitution of the O sites by the
Cd atom, independently if the substitution is made at the Oequatorial or at the Oapical sites.
Figures 8.3 and 8.4 show a huge repulsion of the Ti and Ba atoms (mainly for the Ti atoms)
which surround the Cd atom, conﬁrmed by the EFG of the Cd neighboring atoms presented
in ﬁgures 8.9 and 8.10. In both the Oequatorial and Oapical substitution, the closest Ba atoms
have EFG’s quite diﬀerent (up to 20 times) from the pure BTO case, reaching Vzz ≈ 112V/Å2
and ≈ 75V/Å2 respectively, and only the Ba neighbours at D≥ 7.5Å reach approximately
their pure BTO reference value. The remaining atoms tend to stabilize their EFG magnitude
to values close to their correspondent pure BTO sites for D' 4.5Å.
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Figure 8.9: Cd eﬀects on the EFG mag-
nitude of its neighbouring atoms. The Cd
atom is at the Oequatorial site
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Figure 8.10: Cd eﬀects on the EFG mag-
nitude of its neighbouring atoms. The Cd
atom is at the Oapical site
The binding energies for the BTO:Cd at the Oequatorial and Oapical sites are presented
in ﬁgures 8.11 and 8.12, showing an equilibrium binding energy of about -1013.5 eV and -
1013.3 eV respectively. This means that, from the predicted binding energies, if the supercells
stabilities were to be ordered from the most favourable to the least one, the order would be
the following: pure BTO, BTO:Cd(Ba site), BTO:Cd(Oequatorial site), BTO:Cd(Oapical site)
and ﬁnally BTO:Cd(Ti site).
Let’s now analyse the EFG felt by the Cd atom for the studied BTO:Cd supercell. Table
8.2 shows the EFG felt by the Cd atom for each of the non equivalent positions of the BTO
lattice. It is clear from the comparison of both table 8.2 and table 8.1 that the EFG completely
changes due to the Cd presence, not only because of its eﬀect on the local charge density, but
230
8.2 DFT EFG predictions for BaTiO3:Cd
also because of its eﬀect on the local structure of the lattice. The latter eﬀect was already
discussed above, being visible to the naked eye in ﬁgures 8.1-8.4 and quantitatively estimated
through the Vzz values for each neighbouring atom in ﬁgures 8.5, 8.7, 8.9 and 8.10.
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Figure 8.11: Binding energy of the
BaTiO3:Cd at the Oequatorial site for diﬀer-
ent positions of the Cd atom with relation
to its equilibrium position.
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Figure 8.12: Binding energy of the
BaTiO3:Cd at the Oapical site for diﬀerent
positions of the Cd atom with relation to
its equilibrium position.
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Figure 8.13: DFT predicted EFG of the BaTiO3:Cd for the Ba site
Figures 8.13-8.16 show the EFG of the BTO:Cd for each non-equivalent BTO site, as a
function of the distance D from Cd equilibrium position. Each calculation was done just by
moving the Cd by the amount D along one of the x, y or z axis, and serves as a way of gauging
a pseudo-error bar for the DFT predicted EFG values presented in table 8.2. These EFG vs D
curves also serve as a way to infer the sensitivity of the EFG for deviations and/or distortions
of the Cd in the BTO lattice.
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DFT EFG BaTiO3:Cd BTO with Sternheimer
Site Vxx (V/Å2) Vyy (V/Å2) Vzz (V/Å2) η Vzz (V/Å2)
Ba -19.81 -19.81 39.62 0.00 -1.73
Ti -8.42 -8.42 16.84 0.00 7.07
Oequatorial -53.47 -44.566 98.03 0.09 52.70
Oapical 21.95 21.95 -43.90 0.00 33.55
Table 8.2: BaTiO3:Cd DFT predicted EFG at the diﬀerent substitutional sites considered.
The last column contains the Vzz values of the pure BTO supercell after making Sternheimer
anti-shielding corrections for Cd2+.
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Figure 8.14: DFT predicted EFG of the BaTiO3:Cd for the Ti site
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Figure 8.15: DFT predicted EFG of the BaTiO3:Cd for the Oequatorial site
For all the considered sites, the Vzz(D) along the x and y axis presents symmetrical curves,
however the same is not true along the z axis. There are two possible sources for this feature,
the asymmetry of the equilibrium position along the z axis with relation to the neighbouring
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atoms and the fact that the tetragonal BTO supercell possesses a spontaneous polarization
which breaks the vertical symmetry of the studied systems and which is known to be directly
correlated to the BTO EFG [239].
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Figure 8.16: DFT predicted EFG of the BaTiO3:Cd for the Oapical site
233
BaTiO3 EFG and PAC measurements
8.3 PAC spectroscopy of BaTiO3 using 111mCd
To validate the EFG results obtained through DFT calculations, several BaTiO3 single
crystal pieces (of about 3 × 3 × 1mm) acquired from MaTeck [240] were studied using PAC
spectroscopy. The PAC study was done using the 111mCd radioactive isotope, produced online
at ISOLDE (CERN) [241, 242] by bombardment of a lead target with the 1.4 GeV proton
beam from the CERN Proton Synchrotron Booster. The Cd beam with 30 keV energy was
then redirected to the GLM beam line where the BTO single crystal pieces were mounted
inside a dedicated vacuum chamber. The ion implantation was done till a dose of about
1011atoms/cm2 of 111mCd was implanted in each BTO single crystal piece.
After the 111mCd implantation, the BTO single crystals were subjected to a thermal anneal-
ing, during 20 minutes in an air atmosphere, to repair implantation damage and to promote
the proper accommodation of the Cd atoms in the BaTiO3 lattice. As reported by M. Dietrich
et al. [243], the Cd tend to diﬀuse out of the BTO single crystals at high temperatures, hence,
in order to reduce this eﬀect, a ”sandwich” comprised of 2 pieces of BTO single crystals was
made (with the faces which were implanted in contact with each other). The PAC study was
done for several annealing temperatures, ranging from 1000-1300◦C.
The PAC spectroscopy measurements were also performed at ISOLDE on a 6 BaF2 detector
spectrometer [164], which measured the γ− γ cascade of the 111mCd whose decay scheme was
presented in ﬁgure 4.15. The PAC spectra and corresponding ﬁts for each of the diﬀerent
thermal annealing are presented in ﬁgure 8.17. The ﬁts results are summarized in table 8.3,
where it was considered a 111Cd quadrupole moment value of Q(5/2+)=0.683b [244].
PAC EFG BaTiO3:Cd
Sample f1 (%) δ1 f2 (%) ω0 (Mrad/s) Vzz (V/Å2) η δ2
BTOSC_1000C 81±1 1±0 19±1 135±2 92±4 0.01±0.01 1.6±0.1
BTOSC_1100C 82±4 1±0 18±2 134±2 92±4 0.01±0.01 1.6±0.2
BTOSC_1200C 53±4 36±1 47±2 57±1 39±2 0.00±0.01 11.8±0.3
BTOSC_1300C 54±1 35±3 46±4 58±1 39±1 0.00±0.01 6.7±0.2
Table 8.3: BTO:111mCd experimental PAC results for diﬀerent annealing temperatures.
Two fractions of probe nuclei surrounded by diﬀerent local environments were considered
through the ﬁt of all the considered samples: one fraction, f1, corresponding to delocalized
probes or/and a close to cubic frequency (EFG ≈ 0)2, and a well deﬁned frequency which is
2The existence of such a phase has to do with the implantation damage of the BTO single crystal, which
tends to get amorphous around the path taken by the implanted ions, thus the need of the thermal annealing.
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 TAnnealing=1300ºC Exp. Data
 TAnnealing=1300ºC Fit
Figure 8.17: PAC experimental perturbation spectra and their respective Fourier transforms
for each thermal annealing temperature.
designated as f2. The f1 fraction can also be a product of the wide range of possible Vzz
values resulting from the diﬀerent possible positions of the Cd in the BTO lattice, as it was
seen in ﬁgures 8.13-8.16.
It is clear from the observation of ﬁgure 8.17 and table 8.3 that there are two types of
Cd environments depending on the annealing temperature. For TAnnealing = 1000 − 1100◦C
f1 is the majority fraction (≈ 80%), and the well deﬁned fraction, f2, has an EFG with
Vzz ≈ 92 (V/Å2) and η = 0.01, which matches quite well with the Cd substitution at the
Oequatorial site (table 8.2). For the higher annealing temperatures, TAnnealing ≥ 1200◦C, there
is a substantial decrease of the f1 fraction and the f2 has an EFG with Vzz ≈ 39 (V/Å2) and
η = 0.00, matching with the Cd substitution at the Ba site (table 8.2), suggesting that the
Cd substitution is conditioned by the annealing temperature.
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8.3.1 PAC and DFT crossover: final considerations
It is useful to compare our experimental results with the work done by M. Dietrich [243],
where a similar study was performed but for 5 minutes annealing at TAnnealing ≈ 1300−1400◦C
(table 8.4). M. Dietrich ﬁnds two diﬀerent EFG’s in his measurements, one with Vzz ≈
42.3V/Å2, assigned to the Ba site, and the other with Vzz ≈ 20.5V/Å2, assigned to the Ti site.
As a matter of fact, these results are in line with the study presented in this chapter, since the
Ba site EFG is of the same order of magnitude with both our DFT predicted and experimental
EFG, and, although no EFG matching the Ti site was found in our PAC measurements,
its experimental value matches reasonably well with the 16.84V/Å2 predicted by the DFT
calculations (table 8.2).
Vzz (V/A2)
Sternheimer 111mCd PAC 111mCd PAC for DFT
Site NMR [237] corrections for Cd of Reference [243] the present work predictions
Ba 4.35 2.28 42.3 39 39.618
Ti 6.82 34.07 20.5 – 16.84
Table 8.4: Comparison between the EFG of BaTiO3 measured by NMR at the Ba and Ti sites
with the Sternheimer antishielding corrections for Cd, the PAC measurements performed at
this thesis and in reference [243], and the DFT predictions for the EFG at these sites.
The diﬀerent possible Cd substitutions clearly depend not only on the annealing temper-
ature, but also on the annealing duration, since in M. Dietrich work, despite having the same
temperature as in our highest TAnnealing, both the Ti and Ba site EFG’s were found, whereas
in our results only the latter was found. In fact, the occupation of the Ti site is a bit surprising
since it has the lowest predicted binding energy from all the BTO sites. This kind of substitu-
tion is actually known to occur PAC measurements involving 111In, where there is no reported
Ba site substitution [245, 246]. This kind of eﬀects, may have to do with the ions/atoms
dynamics during the annealing process, which may have more diﬃculty to substitute the Ba
atoms from the BTO lattice, thus needing more thermal energy and time to complete this
process. This conjecture could explain why, for the lower annealing temperatures, we measure
a Cd EFG compatible with the Oequatorial.
Notwithstanding, the most important conclusion that one can obtain from the comparison
made in table 8.4 has to do with the eﬀects of the BTO structural distortions, caused by the
Cd atom, in the latter’s EFG. The work of M. Dietrich compared the EFG measured at the
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Ba and Ti site using NMR with the results obtained trough PAC after making the proper
Sternheimer antishielding corrections for Cd [243]. Based on this approach, he was unable to
assign any of the EFG measured through PAC measurements to the BTO Ba or Ti sites, raising
the hypothesis that these EFG could be assigned to a defect conﬁguration. This approach
is actually quite naïve, since the Sternheimer antishielding corrections just take into account
the contribution originating from the core deformation of the probe under the presence of the
lattice EFG [247–249], yet do not consider the eﬀects of the probe on the lattice itself, which
is, as corroborated by table 8.2, the most important eﬀect. As a matter of fact, the DFT
calculations made in this thesis show that, after considering the atomic relaxation of BTO:Cd
for each of the non-equivalent sites, it is possible to assign all the EFG found through PAC
spectroscopy (either in the measurements made for this thesis or the ones performed by M.
Dietrich) to the predicted EFG of the BTO:Cd sites.
This implies that, in general, the usage of an intruder radioactive probe, whose element
diﬀers from the element which the probe will substitute, makes impractical the quantitative
measurement of that site’s EFG, even after considering the Sternheimer antishielding correc-
tions. This means that PAC spectroscopy is not adequate to measure the crystal ﬁeld eﬀects
of the BTO/Fe heterostructures discussed in chapter 6, unless the probe is an isotope of the
element of the site which we want to study. I should point out nevertheless, that even if the
PAC probe is not an element of the host matrix, it could be used to measure qualitatively
tendencies of the studied site, such as the eﬀects of the temperature on the Ba site EFG,
and to detect polarization phase transitions (for example). For the particular case of the
BTO/Fe heterostructures, the Mössbauer spectroscopy is a potential good candidate to infer
the hyperﬁne interactions at the Fe site.
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Chapter 9
RF-Sputtering of BaTiO3/Fe/BaTiO3
heterostructures
Chapters 6 and 7 showed that there is a myriad of possible magnetoelectric eﬀects in
BTO/Fe interfaces, where diﬀerent BaTiO3 terminations and even its position relative to the
Fe atoms can alter completely the magnetic nature of the Fe layer. Such a study suggests
that an apparently simple heterostructure can in fact have uncountable ways of tailoring its
properties, thus depending on the tuning made, it is possible to engineer several types of
magnetoelectric multiferroics based on BTO/Fe interfaces. In the current chapter, a ﬁrst
attempt of tailoring these appealing interfaces is made.
This approach consisted in the deposition of BTO and Fe heterostructures on diﬀerent
substrates – LaAlO3, MgO, Al2O3, and SrTiO3 (STO) single crystals bought from CrysTec
[250] – at diﬀerent deposition conditions, using RF-Sputtering.
9.1 RF-Sputtering of the BTO/Fe thin films
The deposition of BTO/Fe heterostructures was made using the RF magnetron sputtering
of the Physics department of University, at the CICFANO building, which was operated by
Professor Armando Lourenço. In this thesis four sets of samples will be discussed, correspond-
ing to four independent depositions. The RF-Sputtering sample holder was loaded with four
diﬀerent substrates in each deposition, hence each set of samples has four diﬀerent samples.
Table 9.1 summarizes all the samples produced by RF-Sputtering deposition, specifying
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Deposition Site 1 Site 2
Designation Substrate Sample Designation Substrate Sample Designation
BTF4 LaAlO3 (100) BTF4.1_LaAlO3_as_dep MgO (100) BTF4.2_MgO_as_dep
BTF5 LaAlO3 (100) BTF5.1_LaAlO3_as_dep MgO (100) BTF5.2_MgO_as_dep
BTF6 LaAlO3 (100) BTF6.1_LaAlO3_as_dep Al2O3 (001) BTF6.2_Al2O3_as_dep
BTF7 Si (100) BTF7.1_Si_as_dep MgO (100) BTF7.2_MgO_as_dep
BT24 LaAlO3 (100) BT24.1_LaAlO3_as_dep MgO (100) BT24.2_MgO_as_dep
Deposition Site 3 Site 4
Designation Substrate Sample Designation Substrate Sample Designation
BTF4 Al2O3 (001) BTF4.3_Al2O3_as_dep STO (100) BTF4.4_STO_as_dep
BTF5 Al2O3 (001) BTF5.3_Al2O3_as_dep STO (100) BTF5.4_STO_as_dep
BTF6 MgO (100) BTF6.3_MgO_as_dep STO (100) BTF6.4_STO_as_dep
BTF7 MgO (100) BTF7.3_MgO_as_dep MgO (100) BTF7.4_MgO_as_dep
BT24 Al2O3 (001) BT24.3_Al2O3_as_dep STO (100) BTF24.4_STO_as_dep
Table 9.1: Summary of the RF-Sputtering depositions and corresponding samples.
the substrates used in each deposition and the designation of each sample. The nomenclature
of the samples is built in the following way (sample BTF4.2_MgO_as_dep will be used as an
example): the ﬁrst part of the sample name refers to the deposition (BTF4), the second part
corresponds to one of the four possible sites available in the sputtering setup substrate holder
(.2), the third part speciﬁes the substrate where the thin ﬁlm was deposited (_MgO), and
the last part speciﬁes the temperature of the thermal annealing done to the sample, which is
designated ”_as_dep” if there was no thermal annealing.
There were three types of depositions, two of which are illustrated in ﬁgures 9.1 and 9.2: a
seven layer heterostructure (four BTO layer and three Fe layers) was deposited in depositions
BTF4 and BTF7, and a three layer heterostructure (two BTO layers and one Fe layer) in
depositions BTF5 and BTF6. The third type of deposition was a single layer of BaTiO3
deposited directly on the substrate. The deposition of the BaTiO3 layers was done using a
99.9% purity target from Kurt J. Lesker and the deposition of the Fe layers were done using
a Fe foil as target [251]. The most relevant parameters and deposition conditions for each
deposition are summarized in table 9.2.
The depositions were made taking into account the deposition rates previously calibrated
by the thickness measurement of BTO and Fe layers deposited on a Si substrate, giving a
deposition rate of ≈ 1nm/min for both the BTO and Fe layers at the conditions presented in
table 9.2. Considering these deposition rates, the depositions were done to make a thin ﬁlm
with the layers thickness speciﬁed in ﬁgure 9.1 for BTF4 and BTF7 depositions (resulting in
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Deposition Layer Pdep (W) D[T-S] (mm) Ptotal (mbar) O2/Ar (%) Tsub (◦C)
BTF4
BaTiO3 50 125 1.0 × 10−2 7 350
Fe 14 125 1.2 × 10−2 0 350
BTF5
BaTiO3 50 125 1.2 × 10−2 9 663
Fe 14 130 1.2 × 10−2 0 344
BTF6
BaTiO3 50 125 1.2 × 10−2 9 658
Fe 14 130 1.2 × 10−2 9 658
BTF7
BaTiO3 40 100 1.1 × 10−2 7 350
Fe 14 100 1.2 × 10−2 0 350
BT24 BaTiO3 40 100 5.5 × 10−3 13 350
Table 9.2: RF-Sputtering conditions for each deposition and layer, where Pdep is the sputtering
deposition power, D[T-S] is the distance between the target and the substrate, Ptotal is the
total pressure inside the deposition chamber, O2/Ar is the partial pressure percentage of the
O2, and Tsub is the temperature of the substrate.
a thin ﬁlm ≈ 60nm thick), and with the layers thickness of ﬁgure 9.2 for the BTF5 and BTF6
depositions (resulting in a thin ﬁlm ≈ 45nm thick). For the BT24 deposition a single BTO a
layer with 12 nm was deposited.
Figure 9.1: Illustration of the seven layer het-
erostructure (depositions BTF4 and BTF7)
deposited by RF-Sputtering.
Figure 9.2: Illustration of the trilayer het-
erostructure (depositions BTF5 and BTF6)
deposited by RF-Sputtering.
As mentioned before, thermal annealing(s) were performed in each sample, therefore the
structural and magnetic properties of the thin ﬁlms might be aﬀected, as observed in the bulk
BaTiO3:Fe compound of chapter 5. The annealing temperatures were chosen to be close to the
Fe diﬀusion temperatures in SrTiO3 (a close relative of BaTiO3), based on emission channelling
and hyperﬁne technique studies [252]. The annealings were done in an air atmosphere at the
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1st Annealing 2nd Annealing 3rd Annealing
Sample t (h) T ( C) t (h) T ( C) t (h) T ( C)
BTF4.1_LaAlO3 24 600◦C 24 900◦C - -
BTF4.2_MgO 24 600◦C 24 900◦C - -
BTF4.3_Al2O3 48 900◦C - - - -
BTF4.4_STO 48 900◦C - - - -
BTF5.1_LaAlO3 24 600◦C 24 750◦C 24 900◦C
BTF5.2_MgO 24 600◦C 24 750◦C 24 900◦C
BTF5.3_Al2O3 24 600◦C 24 750◦C 24 900◦C
BTF5.4_STO 24 600◦C 24 750◦C 24 900◦C
BTF6.1_LaAlO3 24 600◦C 24 750◦C 24 900◦C
BTF6.2_Al2O3 24 600◦C 24 750◦C 24 900◦C
BTF6.3_MgO 24 600◦C 24 750◦C 24 900◦C
BTF6.4_STO 24 600◦C 24 750◦C 24 900◦C
BTF7.2_MgO 24 900◦C - - - -
BT24.1_LaAlO3 24 900◦C - - - -
BT24.2_MgO 24 900◦C - - - -
BT24.3_Al2O3 24 900◦C - - - -
BT24.4_STO 24 900◦C - - - -
Table 9.3: Thermal annealing details for each sample.
temperatures and durations presented in table 9.3. The higher temperature annealings were
done after the lower temperature ones, in a cumulative way. Each annealing temperature was
achieved by a heating ramp of ≈ 10◦C/minute1, and at the end of the annealing the samples
were quenched at air, by removing them from the oven.
1The total annealing duration, specified in table 9.3, does not include the time required to achieve the
annealing temperature.
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Given that we are dealing with very thin ﬁlms, deposited at low or moderate temperatures,
a low level of crystalinity is expected, at least for the ”as deposited” samples. Notwithstanding,
Raman spectroscopy, is a very sensitive technique which does not require large crystallites to
enable the vibrational study of a sample [200]. In fact, Raman spectroscopy will be sensitive to
the internal modes of each molecule or unit cell of a given material, being a very good technique
to infer the chemical and structural properties of the thin ﬁlms here presented, as long as there
are enough scattering centres and a reasonable ﬁlm/substrate signal ratio [200,253].
The Raman spectrocopy measurements were done in the physics department of the Uni-
versity of Aveiro under the guidance and supervision of Professor Rosário Correia. The Raman
spectroscopy measurements were performed in the range 100-2000 cm−1, using a Jobin Yvon
64000 Raman spectrometer and a 432 nm laser as incident radiation at room temperature.
This laser line has a photon energy of about 2.87 eV which is close to the 3.2 eV gap energy of
BTO [254], thus it is possible to work in an resonance Raman spectroscopy regime2, as long
as there is some BTO in the thin ﬁlms.
Figures 9.3, 9.4, 9.5, 9.7 and 9.8 present the Raman spectra for the BTO/Fe thin ﬁlms
deposited on the diﬀerent substrates, as well as the spectrum of their respective substrate. All
the Raman spectra are normalized to the maximum value of each spectrum and the oﬀset of
each curve was artiﬁcially introduced to ease the presentation of each sample spectrum.
It is evident from the observation of ﬁgure 9.3 that there are several vibrational modes
present in the BTF4.1 and BTF5.1 samples besides the ones belonging to the substrate3. Still,
for the BTF6.1 thin ﬁlms there is no evidence of any thin ﬁlm Raman modes, thus if there
are any, they are completely concealed by the substrate vibrational modes.
The BTF4.1 samples have clearly the most prominent Raman modes around 220, 250, 290,
340, 400, 505, 610, 660, 710 and 1400 cm−1 matching almost perfectly with the most intense
Raman modes of the α–Fe2O3 (hematite) and γ–Fe2O3 (maghemite) [258–261], presented in
table 9.4 and explicitly assigned in ﬁgure 9.3. For the BTF4.1_LaAlO3_900C in particular,
there are three additional modes which appear near the 305, 520 and 725 cm−1 and are assigned
2The band gap of hematite and maghemite, two common iron oxides, is about 2.2V [255,256] and 2.0 eV [257]
respectively, enabling as well resonance Raman spectroscopy.
3The dashed lines present in all the Raman spectra figures serve as eye guides to the position of the
substrate’s main Raman modes.
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to the most intense BaTiO3 Raman modes [253, 262, 263]. This feature suggests that the
thermal annealing was enough to enhance the crystallinity of BaTiO3. The shoulder around
800 cm−1 – present at almost all the spectra here presented and indicated by the arrows of
ﬁgures 9.3, 9.4, 9.5 and 9.7 – is in fact an indicator of amorphous phases of Ba-Ti-O systems,
and/or other barium titanate stoichiometries such as Ba2TiO4 and BaTi2O5, whose small
contribution does not allow the individual distinction of these compounds spectra [264–267].
α–Fe2O3 (cm−1) [258–261, 268–271] γ–Fe2O3 (cm−1) [258–261] Fe3O4 (cm−1) [258–261, 272–274]
226 (s) 659 (vs) 350 (w) 193 (vw)
245 (s) 817 (vw) 500 (w) 306 (vw)
292 (w) 1049 (vw) 700 (w) 538 (w)
299 (w) 1103 (vw) Fe2TiO4(cm−1) [275] 668 (s)
411 (vs) 1320 (2LO overtone) 495 (s) FeTiO3(cm−1) [275–277]
497 (w) 1525 (two magnon
scatering)
561 (w) ≈ 230 (s)
612 (s) 679 (vs) 680 (vs)
Table 9.4: Active Raman modes for the main iron oxides.
200 400 600 800 1000 1200 1400 1600
g-Fe2O3 a-Fe2O3 BaTiO3
E (cm-1)
 BTF4.1_LaAlO3_as_dep
 BTF4.1_LaAlO3_900C
 BTF5.1_LaAlO3_as_dep
 BTF5.1_LaAlO3_750C
 BTF6.1_LaAlO3_as_dep
 BTF6.1_LaAlO3_750C
 LaAlO3 Substrate
BTO/Fe/BTO Thin Films on LaAlO3
Figure 9.3: Raman spectra for the BTO/Fe
thin ﬁlms deposited on LaAlO3 substrates.
The LaAlO3 substrate spectrum is also pre-
sented as a reference measurement.
200 400 600 800 1000 1200 1400 1600
a-Fe2O3 g-Fe2O3 Fe3O4 BaTiO3
 BTF4.2_MgO_as_dep
 BTF4.2_MgO_900C
 BTF5.2_MgO_as_dep
 BTF6.3_MgO_as_dep
 BTF6.3_MgO_750C
 BTF7.2_MgO_as_dep
 MgO Substrate
E (cm-1)
BTO/Fe/BTO Thin Films on MgO
Figure 9.4: Raman spectra for the BTO/Fe
thin ﬁlms deposited on MgO substrates.
The MgO substrate spectrum is also pre-
sented as a reference measurement.
The BTF5.1 deposition also presents the modes of hematite and maghemite, yet the BTO
modes are not present for these deposition and annealing conditions.
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It should be pointed out that, even though the same iron oxide phases are in each of
the BTF4.1 and BTF5.1 spectra, their relative intensities are clearly diﬀerent, which implies
that the percentage of each iron oxide changes considerably depending on the deposition
and annealing conditions. This is clearly seen by comparing BTF5.1_LaAlO3_as_dep and
BTF5.1_LaAlO3_900C, where the annealing transforms part of the maghmemite into its α
phase, thus the bigger percentage of hematite in the Raman spectrum. Moreover, each mode’s
frequency can also suﬀer shifts in its energy due to crystal eﬀects, namely the size of the iron
oxide particles and/or strain eﬀects [278].
200 400 600 800 1000 1200 1400 1600
BaTiO3
 MgO Substrate
 BT24.2_MgO_900C
E (cm-1)
BaTiO3 Thin Film on MgO
Figure 9.5: Raman spectrum for the BTO thin ﬁlms deposited on MgO after a ther-
mal annealing at 900◦C. The MgO substrate spectrum is also presented as a reference
measurement.
For the depositions made on the MgO substrate (presented in ﬁgure 9.4 and which we will
see later that is the one with the most interesting magnetic properties), there is a new phase
assigned to Fe3O4 (magnetite), which is present in all ”as deposited” thin ﬁlms except for the
BTF6.3 sample. As in the LaAlO3 depositions, the BTF4 depositions seem to have a much
higher thin ﬁlm contribution, when comparing with the substrate, than in the BTF5 and BTF6
depositions. This probably happens due to two reasons: the ﬁrst and most straightforward
reason is due to the higher thickness of the BTF4 thin ﬁlms (which we estimate to be twice
for the Fe layer). The second reason arises from the comparison of the BTF5 and BTF6
depositions, where the former always have more contribution from the iron oxides than the
latter, despite having the same layer’s geometries. This suggests that these iron oxides favour
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the low temperature and low O2 pressure deposition conditions, and even though the BTO
crystallinity requires much higher deposition temperatures and O2 pressures, the conditions
used in BTF5 and BTF6 thin ﬁlm depositions are not enough to substantially increase the BTO
crystallinity. Therefore, the BTF6 deposition conditions turn out to be bad for the formation
of most of the iron oxides while not improving enough the BTO phase quality, hence resulting
in the poorest thin-ﬁlm/substrate ratios, as it is possible to see in ﬁgures 9.3–9.8. Actually,
the BTF6.3_MgO are actually the only thin ﬁlms with perceptible Raman modes apart from
the substrate’s contribution. In these samples there are three wide bumps, indicated by the
arrows of ﬁgure 9.4, which are assigned to the previously mentioned amorphous contribution
of BTO as well as to other Barium titanate stoichiometries [264–266].
Focusing now on the BTF4.2 thin ﬁlms, it is possible to see that after the thermal anneal-
ing at 900◦C, which according to the literature is within the optimal annealing temperature
range to increase the crystallinity of BTO thin ﬁlms4 [279], there is a clear increase of the
BaTiO3 phase and the decrease of the shoulder around 800 cm−1 which was associated with
the amorphous phase and other BTO stoichiometries. As a matter of fact, the presence of
both the BaTiO3 Raman modes and the amorphous and/or other stoichiometries of barium ti-
tanate phases are also clearly perceptible in the Raman spectrum of the BT24.2_MgO_900C
thin ﬁlm, as shown in ﬁgure 9.5.
Figure 9.6: Calculated temperature-Oxygen’s pressure phase diagram of the Fe–O sys-
tem. Adapted from [282].
4To have highly crystalline BTO thin films deposited trough sputtering deposition, the deposition should
be done for T' 800◦C and the annealing should be done at 800 . T . 1000◦C [279–281]
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Coming back to the BTF4.2 thin ﬁlms, the magnetite Raman modes disappear, and there
is also a decrease and broadening of the maghemite and hematite Raman modes while the
maximum around 700 cm−1 increases substantially. The processes involving the iron oxides
can be explained by the phase diagram of ﬁgure 9.6, where it is possible to see that an-
nealings at room pressure will promote the formation of a Fe2O3 phase, thus explaining the
disappearance of the magnetite phase. This phase diagram also shows that at the low tem-
peratures region of BTF4 and BTF7 depositions, there is a coexistence of Fe2O3 and Fe3O4
phases, therefore, small deviations/ﬂuctuations on the deposition conditions might also result
in diﬀerent iron oxides segregation, which would justify the diﬀerences in relative intensities
between the BTF4.2_MgO_as_dep and BTF7.2_MgO_as_dep spectra.
200 400 600 800 1000 1200 1400 1600
a-Fe2O3 g-Fe2O3
E (cm-1)
 BTF4.3_Al2O3_900C
 BTF5.3_Al2O3_as_dep
 BTF6.2_Al2O3_as_dep
 BTF6.2_Al2O3_750C
 Al2O3 Substrate
BTO/Fe/BTO Thin Films on Al2O3
Figure 9.7: Raman spectra for the BTO/Fe
thin ﬁlms deposited on Al2O3 substrates.
The Al2O3 substrate spectrum is also pre-
sented as a reference measurement.
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E (cm-1)
 BTF4.4_STO_900C
 BTF5.4_STO_as_dep
 BTF5.4_STO_750C
 BTF6.4_STO_as_dep
 BTF6.4_STO_750C
 STO Substrate
BTO/Fe/BTO Thin Films on STO
Figure 9.8: Raman spectra for the BTO/Fe
thin ﬁlms deposited on STO substrates.
The STO substrate spectrum is also pre-
sented as a reference measurement.
The Raman spectra of the thin ﬁlms deposited on Al2O3 and STO substrates are presented
in ﬁgures 9.7 and 9.8 respectively. For the STO substrate, which has a band gap energy of
3.25 eV [283], there is resonant Raman scattering with the substrate. Therefore, the Raman
contribution of the STO substrate completely overshadows any contribution of the thin ﬁlms,
which have an interaction volume several orders of magnitude smaller than the substrate.
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This problem was not evident for the remaining substrates once they have band gaps > 6 eV,
much higher than the photon energy of the incident laser line (2.87 eV), hence being almost
”invisible” to the incident laser.
On the other hand, ﬁgure 9.7 shows that the thin ﬁlms deposited on the Al2O3 substrate
have Raman modes besides the ones from the substrate. As in the previously discussed cases,
the BTF6.2 thin ﬁlms display spectra identical to the substrate spectrum, if was not for the
already known 800 cm−1 shoulder. The BTF4.3 and BTF5.3 samples present the hematite as
their majority phase, even for the as deposited BTF5.3, since while the BTO layer was being
deposited, the Fe suﬀered a pseudo thermal annealing at the BTO deposition conditions, which
for this particular substrate, promoted the growth of the α–Fe2O3 (ﬁgure 9.6).
Finally, it is crucial to mention the broad mode around 1400 cm−1, present for each as-
signed hematite phase. In fact, this maximum corresponds to two Raman modes: one phonon
overtone of a Raman inactive vibrational mode (660 cm−1) at around 1320 cm−1 and a mode
corresponding to a two magnon Raman scattering which occurs around 1525 cm−1 [269–271].
While the overtone remains proximately in the same vibrational energy, the two magnon mode
can suﬀer a shift in energy depending in the overall magnetic and structural properties of the
hematite particles deposited on the considered substrates under the diﬀerent conditions [278].
As a matter of fact, looking at the BTF4 deposition before and after the 900◦C thermal an-
nealing, there is a greater decrease in relative intensity of the right part of the high energy
maximum (correspondent to the two magnon scattering mode) than in its left part (corre-
sponding to the phonon overtone), thus suggesting a change in the magnetic behaviour of
these thin ﬁlms due to the thermal annealing.
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XRD was performed to complement the structural information given by the Raman spec-
troscopy. To increase the interaction volume of the X-ray radiation with the thin ﬁlms, a
grazing incidence (GI) geometry was adopted (1◦ incidence angle) using a Philips Panalyt-
ical X’Pert Pro MRD using λ(Cu Kα1) = 1.5405(98)Å (without monochromator) at room
temperature [284].
Figures 9.9–9.12 present the GIXRD results for the thin ﬁlms deposited on the LaAlO3,
MgO, Al2O3, and STO substrates. Two major observations can be done after analysing all the
diﬀractograms: ﬁrst, the diﬀraction peaks present in the mentioned diﬀractograms diﬀer from
substrate to substrate, even for the same deposition and annealing conditions, implying that
the substrates constrain the crystallization process of the thin ﬁlms in very particular ways.
Second, each sample measured in the GIXRD geometry solely presents a scarce number of
diﬀraction planes/peaks (if any), thus making the phase identiﬁcation quite hard/ambiguous.
Firstly, we used the High Score Plus phase indexing software, which uses the ICDD PDF4+
as database reference, to identify the crystalline phases of each sample. However, the lack
peaks lead to an inconclusive indexation. Nevertheless, taking into account the deposited
elements, the suggestions from the indexing software, and the information obtained from the
Raman spectroscopy, it was possible to assign some phases to the peaks displayed in the
diﬀractograms. The diﬀracted peaks are identiﬁed by the black dashed lines of ﬁgures 9.9–
9.12, the green dashed line indicates that the peak in question matches with a peak from
the substrate, and the gray dashed lines show the less reliable peaks which have intensities
barely above the background radiation noise. The lack of reliable diﬀraction peaks in these
and all the other thin ﬁlms is due to the very small thickness of each deposited layer, which
inﬂuences the size of BTO grains5, and due to the high background radiation coming from
the Fe ﬂuorescence, contributing even more to a poor signal/noise ratio.
The GIXRD results for the thin ﬁlms deposited on the LaAlO3 substrate, presented in
ﬁgure 9.9, show that for most diﬀractograms, there are almost no diﬀraction peaks, mainly
for the ”as deposited” thin ﬁlms. This implies that there is a high level of amorphous phase,
which decreases with the thermal annealings, thus for the latter case there is a higher number
5The size of the BTO grain boundaries also depend on each layer’s thickness, where thicker layers will have
bigger grains even for the same deposition and annealing conditions [285]
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and more intense diﬀraction peaks [286,287].
The BT24.1 thin ﬁlms have two very pronounced peaks, one of which is assigned to a
peak from the substrate (green dashed line), whereas the other does not match with the most
intense peaks of any of the considered phases. This seemingly unmatched peak coincides with
one peak of the metallic Ba diﬀraction planes, but to be assigned to this phase it would mean
that the Ba would have to be segregated with a preferential growth orientation, which is a very
unlikely scenario. Moreover, Raman spectroscopy would not present the Ba Raman mode due
to the technique intrinsic diﬃculty of detecting Raman modes in metallic phases [288–290].
For the remaining ”as deposited” thin ﬁlms on the LaAlO3 substrate, there are almost no
diﬀraction peaks, yet, after the thermal annealing the crystallinity of the BTF4.1_LaAlO3-
_900C and BTF5.1_LaAlO3_900C slightly improves as the appearance of some diﬀraction
peaks suggest. For the BTF4.1_LaAlO3_900C case, some of its diﬀraction peaks can be
assigned to the most intense peaks of the Ba2TiO4 and/or BaTi2O5 compounds, whereas the
remaining and more intense peaks solely match with some diﬀraction planes of the three iron
oxides discussed in the Raman spectroscopy results, implying once again the growth of these
phases in a preferential orientation.
The GIXRD diﬀractograms for the thin ﬁlms deposited on the MgO substrate, presented
in ﬁgure 9.10, are the ones which present better deﬁned diﬀraction peaks. Looking at the
BT24.2 reference thin ﬁlms it is possible to see that there are no relevant peaks before the
900◦C annealing, however after the annealing several diﬀraction peaks appear. These peaks are
assigned to polycrystalline phases of other stoichiometries of BTO, namely Ba2TiO4, BaTi2O5
and/or BaTi5O11 compounds, and to a polycrystalline MgFe2O4 phase.
This MgFe2O4 phase appears due to the presence of residual Fe atoms, < 50ppm, as
reported by some suppliers of the MgO substrate [291], and whose phase formation might
be promoted by the thermal annealing at 900◦C. Actually, the diﬀractogram of MgFe2O4 is
identical to the magnetite’s and maghemite’s, still, the Raman spectra of these two iron oxides
would be perceptible in ﬁgure 9.5, while the broader and less intense Raman spectra of the
MgFe2O4 could be perfectly masked by the BTO compounds present in BT24.2_MgO_900C
[292,293].
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Figure 9.9: Grazing incidence XRD of the thin ﬁlms deposited on LaAlO3.
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Figure 9.10: Grazing incidence XRD of the thin ﬁlms deposited on MgO.
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It should also be pointed out that the BaTiO3 phase present in ﬁgure 9.5 is not perceptible
in the BT24.2_MgO_900C diﬀractogram due to the amount/size of the crystallites of this
phase being too small to be detected even when using GIXRD, reinforcing the discriminative
potential of Raman spectroscopy.
The diﬀractograms for the BTF4.2 and BTF7 ”as deposited” thin ﬁlms display several
diﬀraction peaks which can be assigned to a polycrystalline phase of the maghemite and/or
magnetite, and to several barium titanate compounds such as Ba2TiO4, BaTi2O5 and/or
BaTi5O11. After the 900◦C thermal annealing, most of these peaks get sharper and more
intense, and there is the emergence of new ones. The new peaks are mostly assigned to the
polycrystalline tetragonal phase of BaTiO3 whose emergence is due to the crystallization of
the its amorphous phase and to the decreasing of the amount of other BTO stoichiometries
whose peaks either disappeared or at least got much smaller, in good agreement with the
Raman spectroscopy results. Regarding the hematite phase seen in the Raman spectroscopy,
since there is no peak assigned to its most intense diﬀraction plane, therefore, either it is in
a mostly amorphous phase or its growth must present a preferential orientation, instead of
being in a purely random oriented polycrystalline phase.
It is somehow surprising that for the BT24.2_MgO_900C there is a larger contribution
from other Ba-Ti-O stoichiometries than from the standard BaTiO3, in such a way that is
even undetectable by the GIXRD diﬀractograms. Nonetheless, the unbalanced Ba/Ti ratio in
barium titanate compounds deposited througth RF-sputtering is a well know issue, which can
be solved by increasing the pressure of the sputtering process to pressures & 3 × 10−2mbar
[294–296]. This range of pressures is actually close to the ones used in most of the depositions
made in this work. Still, for the BT24, the sputtering deposition pressure was about half the
pressure of the BTF4 and BT7 depositions, which could explain the diﬀerent amount of the
standard BaTiO3 crystallization even after having the same thermal annealing.
In the BTF5.2 diﬀractograms, apart from a very sharp peak assigned to the substrate
(200) plane, there are two additional peaks (one of them quite broad) which are assigned to
the Ba2TiO4 and/or BaTi2O5 phases. On the other hand the BTF6.3 substrates do not show
any diﬀraction peaks besides the (200) MgO peak.
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Figure 9.11: Grazing incidence XRD of the thin ﬁlms deposited on Al2O3.
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Figure 9.12: Grazing incidence XRD of the thin ﬁlms deposited on STO.
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Figure 9.11 shows the GIXRD diﬀractograms for the thin ﬁlms deposited on the Al2O3
substrate. The information given by these diﬀractograms shares a lot of similarities with the
results obtained from Raman spectroscopy, namely, for the BTF5.3 and BTF6.2 thin ﬁlms
where there are almost no diﬀraction peaks, implying that if there is any polycrystalline phase
its amount/size is too small to be detected using XRD. For the BT24.3 BTO thin ﬁlms there
are some wide peaks just above the background noise which can be assigned to the Ba2TiO4,
BaTi2O5 and/or BaTi5O11 compounds.
For the thicker low temperature deposition thin ﬁlm, BTF4.3_Al2O3_900C, there are
much sharper diﬀraction peaks which are mainly assigned to the α and γ phases of Fe2O3,
and to the BaTi2O5 and BaTi5O11 compounds, corroborating the results of the Raman spec-
troscopy.
In ﬁgure 9.12 it is presented the diﬀractograms of the thin ﬁlms deposited on STO. The
analysis of these diﬀractograms is the most diﬃcult one since, besides the scarce number of
peaks present in each diﬀractogram, there is no guidance from the Raman spectroscopy results.
Additionally, the BTF5.4 and BTF6.4 diﬀractograms solely display a single diﬀraction
peak close to 2θ = 50◦ for the BTF5.4_STO_900C, thus no polycrystalline phase is assigned
to any of these thin ﬁlms. The STO substrate structure belongs to the 221 point group,
and possesses lattice parameters close to the BTO cubic (221) and tetragonal (99) phases’,
thus it is possible that the lack of the peaks are related with the growth of the thin ﬁlms in
preferential orientations, mainly for the BTO compounds [297]. The single diﬀraction peak
which appears after the thermal annealing for BTF5.4_STO_900C could be due to the growth
of the hematite phase, also under a speciﬁc preferential orientation, since this peak can be
assigned to (024) diﬀraction plane of hematite.
The BT24.4 and BT4.4 deposition were done at low temperatures and present about the
same diﬀraction peaks, namely three peaks which are quite sharp and intense at 2θ ≈ 52, 55
and 68◦. None of these three peaks coincide with any of the substrate diﬀraction planes, nor
with the most intense diﬀraction planes of any of the phases suggested by the High Score Plus
phase indexing software. As a matter of fact, these peaks did solely match a very restricted
amount of driﬀraction peaks such as the (220) and (311) diﬀraction planes of the BaO(225)
and some of the low intensity peaks of the Ba2TiO4, BaTi2O5 and BaTi5O11 compounds.
The remaining smaller and less well deﬁned diﬀraction peaks are compatible to a randomly
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oriented polycrystalline growth of Ba2TiO4 and BaTi2O5 phases, and for the particular case
of the BTF4.4_STO_900C there is the matching of some of its peaks with the (113), (024)
and (300) diﬀraction planes of hematite.
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9.4 STEM/EDS analysis of the BTF thin films
In order to have further morphological and chemical information about the BTO/Fe/BTO
thin ﬁlms deposited on the diﬀerent substrates, a combined approach of EDS and transmission
electron microscopy was performed to the BTF5.2_MgO_as_dep, BTF4.2_MgO_as_dep
and BTF4.2_MgO_900C samples. To prepare the samples for the transmission microscopy,
a FEI Helios NanoLab 650 Dual Beam (FIB/SEM) system was used after the deposition of a
protective coating layer of Al (or AuPd) and an additional layer of Pt. The STEM, TEM and
EDS results were obtained by a FEI Tecnai G2 (200 kV) equipped with a EDAX EDS detector
from the Nano-Optics and Optoelectronics Research Laboratory at the Masdar Institute of
Science and Technology [298], operated by Karen Sloyan under the supervision of Professor
Marcus Dahlem.
Figure 9.13: BTF5.2_MgO_as_dep TEM and STEM micrographs
Figure 9.13 shows the TEM and STEM micrographs of BTF5.2_MgO_as_dep sample at
two distinct probing regions. The micrographs of ﬁgure 9.13 allow to determine the total thick-
ness, t, of the BTF5.2_MgO_as_dep thin ﬁlm, which according to the previous calibration
measurements is expected to be t ≈ 45nm. In fact, as it is perceptible from the micrographs
observation, the measured thickness of this thin ﬁlm is close to its expected value. Still, there
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are clearly some ”ﬂuctuations” in the thin ﬁlm thickness, larger than the substrate roughness,
showing some heterogeneity in the growth of the deposited ﬁlm, which can have some ”bumps”
with 55 nm in the present picture.
Figure 9.14: BTF5.2_MgO_as_dep EDS results from the line speciﬁed in the STEM micro-
graph.
Once the micrograph contrast does not discriminate the BTO layer from the Fe layer (due
to their similar atomic numbers), a STEM/EDS analysis was performed using an electron
probe size with a FWHM of about 8 nm. The STEM/EDS results are shown in ﬁgure 9.14,
where it is possible to observe three diﬀerent ”peaks” all with a width, w, of about 15 nm and
which correspond to the BTO(15 nm)/Fe(15 nm)/BTO(15 nm) layers, where the BTO layers
are characterized by the Ti and Ba K and L lines respectively, and the Fe by its K lines. The
Ti and Ba curves are almost superimposed, yet since their K and L spectral lines are quite
close to each other , this does not mean that the Ba and Ti have a 1:1 proportion since their
spectral lines were not resolved. Nevertheless, these elements are a good indicator to infer
where the BTO like phases are located in the thin ﬁlm.
An interesting feature of the EDS results of ﬁgure 9.14 is that the O is present all over the
thin ﬁlm, suggesting that the Fe layer is actually an Fe oxide layer, conﬁrming the Raman and
XRD results which showed the presence of several Fe oxides but did not shown any evidence
of metallic Iron.
Figure 9.15 presents the TEM and STEM micrographs for two diﬀerent regions of the
259
RF-Sputtering of BaTiO3/Fe/BaTiO3 heterostructures
BTF4.2_MgO_as_dep thin ﬁlm. In this case, there is an excess on the total thickness of the
the thin ﬁlm when comparing to the initially projected thickness. Once again it is possible
to see that the upper part of the thin deposition presents several possible thickness values,
yet for the considered regions these ﬂuctuations show always a thickness larger than the total
60 nm designed in ﬁgure 9.1. This excess in the ﬁlm thickness was measured to be as large as
≈ 21%.
To conﬁrm the elemental distribution through the deposited ﬁlm, a STEM/EDS analysis
was performed using an electron probe beam with a FWHM of about 2.5 nm. Figure 9.16
shows the three Fe peaks with w ≈ 10nm each between the four Ba/Ti peaks, showing a well
deﬁned separation between the BTO and Fe layers6. Figure 9.16 also shows the presence of O
through all the BTF4.2_MgO_as_dep ﬁlm, suggesting the diﬀusion of O into the Fe layers,
thus enabling the formation of Fe oxides, similarly to what happens at BTF5.2_MgO_as_dep.
Figure 9.15: BTF4.2_MgO_as_dep TEM and STEM micrographs
6At the interface between the BTO and Fe layers, at both the BTF4.2_MgO_as_dep and
BTF5.2_MgO_as_dep EDS results, there is an overlap between the Fe and Ba/Ti contributions which can
originate from the interface intermixing of the Fe and BTO layers but also from the uncertainty associated to
the electron probe size.
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Figure 9.16: BTF4.2_MgO_as_dep EDS results from the line speciﬁed in the STEM micro-
graph.
Figure 9.17: BTF4.2_MgO_900C TEM and STEM micrographs
Finally, to evaluate the thermal annealing eﬀects on the deposited thin ﬁlms, the transmis-
sion electron microscopy was also performed to the BTF4.2_MgO_900C sample. The TEM
and STEM micrographs presented in ﬁgure 9.17 show about the same order of thickness and
respective ﬂuctuations, however, the 900◦C annealing also induced the diﬀusion of part of the
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Figure 9.18: BTF4.2_MgO_900C EDS results from the line speciﬁed in the STEM micro-
graph.
ﬁlm atoms into the substrate. Figure 9.17 shows that the diﬀused atoms can penetrate as
deep as 44 nm.
To determine if the BTO and Fe layers were still in a heterostructured arrangement, a
STEM/EDS analysis was performed using an electron probe beam with a FWHM of about
2.5 nm. Figure 9.18 shows that, actually, the three Fe peaks merged into a single broad
maximum implying the presence of Fe through all the ﬁlm volume. A similar feature is also
seen for the Ba/Ti case, whereas the O atoms remain in a distribution similar to the ”as
deposited” ﬁlm.
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9.5 Magnetic Studies
To unveil possible magnetoelectric eﬀects of the BTO/Fe thin ﬁlms, these ﬁlms were mag-
netically characterized using a Quantum Design MPMS3 SQUID-VSM at 2–400K range and
using magnetic ﬁelds ranging from -70 kOe–70 kOe.
To infer the magnetic contribution of the substrates used in the thin ﬁlm depositon,
the temperature and magnetic ﬁeld dependence of the magnetization of the LaAlO3, MgO,
Al2O3 and STO substrates was also measured, as presented in ﬁgures 9.19 and 9.20. For
the LaAlO3, Al2O3 and STO substrates the temperature dependence of magnetization, mea-
sured at H=100Oe presents a mostly diamagnetic behaviour and a very small paramagnetic
component which originates from paramagnetic impurity ions present in the substrates.
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Figure 9.19: M(T) curves of the LaAlO3, MgO, Al2O3 and STO substrates at H=100Oe.
On the other hand, for the MgO substrate, the M(T) curve shows that, besides the expected
diamagnetic behaviour, there is a substantially large paramagnetic component when compared
with the other substrates.
The M(H) dependence shown in ﬁgure 9.20, of the LaAlO3, Al2O3 and STO substrates
has temperature independent linear curves with negative slopes (even at T=4K), while for
the MgO case there is a clear temperature dependence of its magnetic susceptibility, and at
4K its magnetization remains positive, completely overtaking the diamagnetic part even at
263
RF-Sputtering of BaTiO3/Fe/BaTiO3 heterostructures
H=70kOe.
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Figure 9.20: M(H) curves of the LaAlO3, MgO, Al2O3 and STO substrates at diﬀerent
temperatures.
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Figure 9.21: MgO substrate M(H) curve at 4K after removing the diamagnetic contribution.
As mentioned before, there are some MgO suppliers which report the presence of Fe impuri-
ties in their MgO single crystal substrates, namely < 50ppm for the Sigma-Aldrich case [291].
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Assuming that the Fe ion is the only source of paramagnetic impurities (no other paramag-
netic ion was mentioned at [291]), the amount of Fe present in our MgO substrates (bough
from CrysTec) was estimated in the following way: ﬁrst the diamagnetic component of the
substrate was determined using the slope of the M(H) curve at 400K, since at this tem-
perature the paramagnetic contribution is negligible. Then the diamagnetic component was
subtracted from the MgO 4K M(H) curve, as presented in ﬁgure 9.21, arriving to a saturation
magnetization for M(70 kOe)@4K≈ 2.5 × 10−3 emu. Taking into account the total mass of
the substrate, an Fe saturation magnetization Ms,Fe = 220 emu/g [299], and an Fe density of
ρFe = 7.874 g/cm3 [300], a value of 83 ppm (atomic) of Fe was estimated for the measured
substrate. This value is in the same order of magnitude to the ones reported by [291], yet
slightly higher.
9.5.1 BTF4 Magnetic Results
Figures 9.22–9.25 present the temperature dependence of the magnetic moment for all the
BTF4 thin ﬁlms and respective thermal annealings. Similarly to the Raman and XRD results,
even though the deposition conditions of the BTF4 thin ﬁlms were the same, it is possible to
see that the magnetic behaviours of the thin ﬁlms deposited in diﬀerent substrates after the
thermal annealings are truly distinct.
The observation of the as deposited BTF4 thin ﬁlms M(T) curves show the presence
of a cooperative magnetic behaviour, with a high TC (well above the maximum measured
temperature, 400K), a feature which is compatible with the Curie temperatures of the common
α-Fe2O3 (TC = 956K) , γ-Fe2O3 (TC = 820−986K) and Fe3O4 (TC = 850K) iron oxides [301]
suggested by the Raman spectroscopy results. The BTF4.2_MgO M(T) curves also present a
paramagnetic component at all the considered annealings, whose contribution originates from
the substrate itself.
The 600◦C annealing did not alter qualitatively the magnetization curves of ﬁgures 9.22 and
9.23, apart from a small vertical shift associated with a change in the saturation magnetization.
A similar eﬀect also occurs for the 900◦C annealing of the BTF4.4_STO thin ﬁlm (ﬁgure
9.25), however in this case, besides the decrease in the absolute value of its magnetization at
H=100Oe, there is also a ﬂattening of the M(T) curvature, implying either an increase of the
TC or a change in its overall magnetic behaviour.
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Notwithstanding, after the 900◦C annealing, each substrate seems to have its own distinct
magnetic behaviour. The BTF4.1_LaAlO3_900C thin ﬁlm has a considerable decrease on
its magnetization at H=100Oe, making more evident its diamagnetic behaviour (hence the
negative value) and the small amount of paramagnetism at very low temperatures. Another
noteworthy feature is the anomaly which occurs around 270K quite close the O↔T BTO
phase transition.
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Figure 9.22: M(T) curves of the
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Figure 9.23: M(T) curves of the
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mal annealings.
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Figure 9.24: M(T) curves of the
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thermal annealings.
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Figure 9.25: M(T) curves of the
BTF4.4_STO thin ﬁlm with diﬀerent ther-
mal annealings.
The BTF4.2_MgO_900C thin ﬁlm, also has a magnetic TC around 270K, once again
suspiciously close to the BTO O↔T phase transition, and where there is the clear separation
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between the paramagnetic and diamagnetic behaviours, from the ordered magnetic phase7.
Finally, the BTF4.3_Al3O3_900C thin ﬁlm also possesses a magnetic TC, at T≈ 375K, close
to the BTO T↔C phase transition.
To have more insightful information about the magnetic properties of the BTF4 thin ﬁlms,
magnetic ﬁeld dependent studies were also performed at diﬀerent temperatures. The M(H)
curves presented in ﬁgures 9.26–9.29 have already their diamagnetic component removed, after
its determination by the slope of the high temperature (usually at 400K) M(H) curves for
magnetic ﬁelds close to 70 kOe.
-70 -60 -50 -40 -30 -20 -10 0 10 20 30 40 50 60 70
-93
-74
-56
-37
-19
0
19
37
56
74
93
-3.0-2.5-2.0-1.5-1.0-0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0
-5
-4
-2
-1
0
1
2
4
5
M
(e
m
u/
g F
ex
O
y)
H(kOe)
BTF4.1_as_dep 300K Hc»78 Oe
BTF4.1_as_dep 4K Hc»459 Oe
BTF4.1_600C 300K Hc»44 Oe
BTF4.1_600C 2K Hc»440 Oe
BTF4.1_900C 300K Hc»2400 Oe
BTF4.1_900C 4K Hc»2446 Oe
BTF4.1_LaAlO3 M(H)
Figure 9.26: M(H) curves of BTF4.1_LaAlO3 thin ﬁlms after removing the substrate’s dia-
magnetic contribution.
Based on the Raman, XRD and STEM/EDS results one can expect the Fe present in
the thin ﬁlms to be in an oxidized form, hence, to ease the comparison and analysis of the
M(H) curves, the magnetization is presented in emu/gFexOy . This FexOy oxide was though
as a ”linear combination” of the hematite, maghemite and magnetite Fe oxides with an a
priori unknown proportion. This units normalization was done considering the expected
amount of Fe on each thin ﬁlm8, and the arithmetic mean of the hematite, maghemite and
7the diamagnetic behaviour is actually an ubiquitous magnetic behaviour which got overshadow by the
much more dominant ordered behaviour.
8The Fe amount was estimated considering a total thickness of 72 nm, based on the TEM/STEM micro-
graphs, and assuming the geometry of figure 9.1
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Figure 9.27: M(H) curves of BTF4.2_MgO thin ﬁlms after removing the substrate’s diamag-
netic contribution.
magnetite densities. Since their densities are 5.271, 5.074 and 5.197 g/cm3 respectively [300],
assuming the arithmetic mean of these densities, there is always a < 3% deviation from the
real magnetization value (the one that there would be if we considered the correct Fe oxide).
To ease the presentation of the M(H) curves, their coercive ﬁelds, Hc, are also presented in
the legend. Each presented Hc value takes into account the coercive ﬁeld of the superconductor
coil, intrinsic to the magnetometer measurements and whose value is ≈ 23Oe for measurements
which reach a |70| kOe magnetic ﬁeld 9.
The saturation magnetizations, Ms, and the magnetic coercive ﬁelds presented in of ﬁg-
ures 9.26–9.29 are good variables to conﬁrm the presence of the Fe oxides suggested by
the Raman and XRD results. For BTF4.1_LaAlO3_as_dep its is possible to estimate
Ms ≈ 68 emu/gFexOy , considering the higher temperature M(H) curve. This was done since
for this sample there is still a non negligible paramagnetic contribution, originating from the
substrate, which gets more evident at 4K. Based on this value of Ms and on the Raman results,
which show the coexistence of both the α and γ of Fe2O3, its is possible to estimate a proportion
9After applying magnetic fields in the order of tens of kOe, the superconducting coil will have a measurable
remanence. This remanence induces a shift in the real field applied to the sample, thus for a measurement of
a paramagnetic material (for example), when coming from +70 kOe the measured coercivity would be about
+23Oe, even though we know that its real value is 0. The inverse happens happens when the field comes from
-7 kOe (the measured coercity would be about -23Oe) [302]
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of 91% of maghemite (Ms = 75 emu/g [300]) and 9% of hematite (Ms = 0.5 emu/g [300]). After
the 600◦C thermal annealing there is a decrease in the magnetization to Ms ≈ 55 emu/gFexOy
suggesting a decrease of the maghemite phase to 73% while increasing the hematite phase
to 27%. The fact that the measured coercive ﬁelds remain in the same order of magnitude
before and after the mentioned thermal annealing10 is also an evidence that the same iron
oxides are present in both BTF4.1_LaAlO3_as_dep and BTF4.1_LaAlO3_600C. As a mat-
ter of fact, from the observation of ﬁgures 9.27–9.29, similar conclusions can be made for
the lower temperature annealing of the remaining BTF4 samples, where it is possible to es-
timate the maghemite:hematite proportions shown in table 9.5. For the particular case of
BTF4.2_MgO_as_dep the percentages of maghemite and hematite are not displayed, once
there is the evidence from Raman spectroscopy that there is also a magnetite phase.
Sample Ms (emu/gFexOy) Maghemite (%) Hematite (%)
BTO4.1_LaAlO3_as_dep 68 91 9
BTO4.1_LaAlO3_600C 55 73 27
BTO4.2_MgO_as_dep 61 - -
BTO4.2_MgO_600C 40 53 47
BTO4.3_Al2O3_as_dep 37 49 51
BTO4.4_STO_as_dep 34 45 55
Table 9.5: Total Ms and correspondent maghemite:hematite proportion for the BTF4 thin
ﬁlms ate low annealing emperatures.
Similarly to what was observed in the M(T) curves, the M(H) curves show that after the
900◦C annealing the magnetic behaviour of each thin ﬁlm gets completely unalike. In the
BTO4.1_LaAlO3_900C there is a huge decrease of its saturation magnetization to Ms ≈
1.6 emu/gFexOy and an increase of its coercive ﬁeld to Hc ≈ 2.4 kOe, compatible with the
increase of a hematite-like oxide after the annealing [306].
The BTO4.2_MgO_900C possess a huge paramagnetic component coming from the sub-
strate which surpasses by far the contribution of the thin ﬁlm. Still, for high temperatures
and/or low ﬁelds it is possible to analyse the ordered components of this thin ﬁlm. It was
seen that in ﬁgure 9.23 there is a TC ≈ 270K which separates the two magnetic behaviours
seen in the 300 and 4K M(H) curves of BTO4.2_MgO_900C presented in ﬁgure 9.27.
10The small changes in the Hc may originate from different grain sizes ans/or internal stresses of the iron
oxides’ grains [303–305].
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By extrapolation of the linear part of the substrate’s paramagnetic contribution of the
M(H) curve at 4K till its intersection with the y-axis, it is possible to estimate a Ms ≈
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25 emu/gFexOy , agreeing with the disappearance of the magnetite phase and the decrease of
the relative amount of maghemite shown in the Raman results. The 300K curve presents
an additional magnetic behaviour with Hc −→ 0Oe11, besides the substrate’s paramagnetic
behaviour. This additional behaviour corresponds to the paramagnetism of the thin ﬁlm itself,
which at 300K is above its Curie temperature, hence being in a paramagnetic state.
Let’s discuss now the possible source of the TC ≈ 270K. The Raman results suggest
the presence of hematite and maghemite , iron oxides with TC = 956K and TC > 820K
respectively [300,301], hence it is quite surprising that there is a TC at such a low temperature,
and for this reason, two possible scenarios are proposed to explain this feature.
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Figure 9.30: Remanent magnetization of BTF4.2_MgO_900C as a function of temperature.
In the inset a TC = 269K is estimated using a spontaneous magnetization (Landau) model.
The ﬁrst scenario is based on the growth of the BaTiO3 phase, corroborated by the XRD
polycrystalline peaks which appear/grow in the BTO4.2_MgO_900C case. Taking this into
account, and knowing that the BTO O↔T phase transition occurs close to the magnetic
TC ≈ 270K, one can suggest that there would be the segregation of BTO/maghemite inter-
faces, resulting in the coupling of the maghemite TC with the BTO phase transition. To help
11For Hc ≈ 0Oe is hard to distinguish between the coercivity of the sample itself and the coercivity coming
from the superconductor coil. Additionally, if the sample has mostly a paramagnetic behaviour, when the dia-
magnetic component is subtracted it will also subtract most of its high temperature paramagnetic component,
thus resulting in a very flat curve whose Hc is quite hard to determine (it should be 0). Therefore, in these
cases it is stated that the Hc −→ 0.
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explain this phenomena the Mr as a function of temperature is plotted in ﬁgure 9.30 where it
is perceptible that the are not any abrupt changes in remanent magnetization. Therefore, to
have a magnetoelectric coupling between the maghemite TC and the BTO phase transition,
an auto-composite with successive laminar structures would be necessary in order to maxi-
mize the interface eﬀects. Even though the STEM/EDS results of ﬁgure 9.18 show that in
the BTO4.2_MgO_900C sample there is an inter-diﬀusion of the BTO and Fe layers, the
segregation of the mentioned laminar auto-composite is a priori quite unlikely.
The second scenario is based on a diﬀerent consequence of the inter-diﬀusion of the BTO
and Fe layer. In this scenario it is proposed that there might be a FexBayTizOw compound with
the magnetization curves and TC measured, and in fact, some titanohematites could ﬁt this
description. Figure 9.31 presents two diagrams with the TC and Ms for the Fe2−xTixO3 system
[307], showing that for a stoichiometry close to Fe1.24Ti0.76O3 the TC occurs at ≈ 269K. Figure
9.31 also shows that the Fe1.24Ti0.76O3 has a Ms ≈ 99 emu/g, quite close to the titanohematite
with the highest Ms (101 emu/g) hence, we could justify simultaneously the measured TC and
Ms ≈ 25 emu/gFexOy assuming a mixture of 75% of α-Fe2O3 and 25% of Fe1.24Ti0.76O3.
Figure 9.31: Curie temperatures and saturation magnetization for the Hematite-Ilmenite di-
agram. Adapted from [300] and [307]
Actually, the same approach is also valid for a mixture of 25% of Fe1.24Ti0.76O3 and
75% of any other iron oxides with a high TC and Ms close to the hematite’s value, which is
truth for most stoichiometries of titanomagnetites and titanomaghemites [308–310]. Moreover,
Carmichael shows that in one of the two possible paths of the solvus curvature for the ilmenite-
272
9.5 Magnetic Studies
hematite solid solution series the annealing at 900◦C coincides with the temperature needed
to get the Fe1.24Ti0.76O3 [311].
It is important to mention that the Raman spectra of the tinanohematites and titano-
magnetites are quire similar to the spectra of the hematite and magnetite combined with the
spectra of the ilmenite and ulvospinel respectively [275, 276], thus for Raman spectra such
as the ones presented in ﬁgures 9.3, 9.4, 9.5, 9.7 and 9.8 it might be diﬃcult to distinguish
between the diﬀerent possible stoichiometries of these compound oxides (table 9.4). Still, the
presence of Fe1.24Ti0.76O3 justiﬁes the substantial increase of the Raman mode at ≈ 700 cm−1
which matches with the strongest mode of FeTiO3 [277]. Similarly, the XRD peaks of the
titanohematites and titanomagnetites occur at about the same places of their pure iron oxides
(the deviations in 2θ are much lower than the width of our peaks), having simply diﬀerent
relative intensities [312–315], which for our case will not alter the conclusions since we do not
have enough diﬀractions peaks to be able to compare their relative intensities.
This second scenario is the most likely one, and serves as an alert to the fact that, for
900◦C, the inter-diﬀusion of the BTO and Fe layers may lead to the partial or total formation
of other iron oxides containing Ti or Ba in its compositions. Their presence would still be
compatible with the Raman and XRD previously discussed, being almost impossible to tell
apart the pure iron oxides from the oxides with low concentration of Ti in their compositions
(if there was more diﬀraction peaks and/or a better resolution of the Raman modes it would,
at some point, be possible to better distinguish the diﬀerent iron oxides).
The BTF4.3_Al2O3_900C M(H) curve of ﬁgure 9.28 presents what seems to be a super-
position of the maghemite and hematite magnetic curves (information also sported by the
Raman results), similar to the BTF4.1_LaAlO3_900C but with a higher coercive ﬁelds. The
high coercive ﬁelds could be justiﬁed by the partial presence of a Barium hexaferrite [316],
BaFe12O19, whose strongest mode is just before the 700 cm−1 maghemite Raman mode [317].
BTF4.3_Al2O3_900C also seems to have a new paramagnetic contribution which can arise
from the diﬀusion of some Fe atoms way from the iron oxide nucleation sites towards a dilute
scattering within the substrate (the diﬀusion of the thin ﬁlm into the substrate was seen in
the TEM/STEM micrographs of BTO4.2_MgO_900C).
BTF4.4_STO_900C, on the other hand, seems to have a similar behaviour to its ”as
deposited” and 600◦C annealing counterparts, but now with a clearly dominant hematite
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phase (or at least a hematite like phase) and a new paramagnetic component.
9.5.2 BTF6 Magnetic Results
In the BTF6 deposition both the BTO and Fe layers were deposited at T = 658◦C, con-
siderably higher than the deposition temperature of the BTF4 samples, thus it comes as
no surprise that the M(T) curves presented in ﬁgures 9.32–9.35 have completely diﬀerent
characteristics from the M(T) curves of the BTF4 thin ﬁlms. In fact, the BTF6.1_LaAlO3,
BTF6.2_Al2O3 and BTF6.3_MgO M(T) curves presented in ﬁgures 9.32–9.34 display a Curie-
Law curve added to the substrate diamagnetism, suggesting a dominant paramagnetic be-
haviour for all these BTF6 thin ﬁlms and respective annealings. On the other hand, the
BTF6.4_STO M(T) curves presented in ﬁgure 9.35 present an additional magnetic ordered
phase with a TC around 45K whose contribution is higher for the 750◦C annealing, and
disappears after the 900◦C annealing.
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Figure 9.33: M(T) curves of the
BTF6.2_Al2O3 thin ﬁlm with diﬀerent
thermal annealings.
The inspection of the M(H) curves of the BTF6.1_LaAlO3 thin ﬁlms, presented in ﬁgure
9.36, conﬁrms the majority contribution from a paramagnetic phase, but also present an
ordered magnetic phase with saturation magnetization of 2.1, 1.7 and 0.3 emu/gFexOy for the
”as deposited”, 750◦C and 900◦C annealings respectively, which can be assigned to a small
portion of an iron oxide. The estimation of the amount of FexOy was done using an approach
analogous to the one used in the BTF4, but using a total thin ﬁlm thickness of 45 nm and
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using the geometry of ﬁgure 9.2.
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Figure 9.35: M(T) curves of the
BTF6.4_STO thin ﬁlm with diﬀerent ther-
mal annealings.
-70 -60 -50 -40 -30 -20 -10 0 10 20 30 40 50 60 70
-39
-31
-23
-15
-8
0
8
15
23
31
39
-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0
-3
-2
-1
0
1
2
3
M
(e
m
u/
g F
ex
O
y)
H(kOe)
BTF6.1_as_dep 300K Hc»97 Oe
BTF6.1_as_dep 4K Hc»116 Oe
BTF6.1_750C 300K Hc»83 Oe
BTF6.1_750C 4K Hc»111 Oe
BTF6.1_900C 300K Hc»550 Oe
BTF6.1_900C 4K Hc»182 Oe
BTF6.1_LaAlO3 M(H)
Figure 9.36: M(H) curves of BTF6.1_LaAlO3
thin ﬁlms after removing the substrate’s dia-
magnetic contribution.
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Figure 9.37: M(H) curves of BTF6.2_Al2O3
thin ﬁlms after removing the substrate’s dia-
magnetic contribution.
The fact that there are no Raman modes associated with any iron oxides in the Raman
spectra of the BTF6 deposition also corroborates that anything that is deposited on the sub-
strates is mostly in a paramagnetic phase. A similar phenomena occurs in the BTF6.2_Al2O3
(ﬁgure 9.37), where once again there is a majority contribution from a paramagnetic phase,
still the minority oxide presents diﬀerent coercive ﬁelds, thus, as observed in the BFT4 depo-
sition, also in the BTF6 deposition the substrates play an crucial role on the growth of the
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deposited atoms on each substrate. This feature is more evidenced in the M(T) curves of the
BTF6.4_STO thin ﬁlms (ﬁgure 9.35) which present a visible magnetic transition around 45K.
Nevertheless such a contribution is quite small, as it is possible to see under the inspection of
the BTF6.4_STO M(H) curves (ﬁgure 9.39) whose saturation magnetization of the ordered
phase lies around Ms ≈ 0.1 emu/gFexOy . Finally, in the BTF6.3_MgO thin, ﬁlms the contri-
bution from the substrate is so strong that the magnetization of these samples are basically
deﬁned by the substrate magnetic properties. It should be noted that the apparent coercivity
seen at ﬁgure 9.38 is due to the superconductor coil of the SQUID magnetometer and not
from the sample.
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Figure 9.38: M(H) curves of BTF6.3_MgO
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magnetic contribution.
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9.5.3 BTF5 Magnetic Results
The BTF5 deposition is like an hybrid between the BTF4 and BTF6 deposition, once
its BTO layers were deposited at the BTF6 conditions whereas the Fe layer was deposited at
identical conditions to the BTF4 deposition. Still while the last BTO layer is deposited, the Fe
layer temperature is raised to the BTO deposition temperature (658◦C) and its upper surface
is exposed to the oxygen atmosphere. Therefore it is expected that even without additional
thermal annealings the oxidation properties of the Fe, as well as its interface with the BTO
layer, to be diﬀerent from the BTF4 thin ﬁlms.
The BTF5 M(T) curves presented in ﬁgures 9.40–9.43 show, once again, that the magnetic
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behaviour of the thin ﬁlm is specially dictated by the substrates where they are deposited on.
A good example of this feature occurs for the BTF5.4_STO thin ﬁlms, displayed in ﬁgure
9.43, where the ordered magnetic phase with TC ≈ 45 resembles the magnetic ordered phase
present in the BTF6.4_STO thin ﬁlms (ﬁgure 9.35) with exactly the same TC!
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Figure 9.42: M(T) curves of the
BTF5.3_Al2O3 thin ﬁlm with diﬀerent
thermal annealings.
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Figure 9.43: M(T) curves of the
BTF5.4_STO thin ﬁlm with diﬀerent ther-
mal annealings.
At ﬁrst glance the most interesting M(T) curve of this set of samples belongs to the
BTF5.3_Al2O3_900C thin ﬁlm which presents a magnetic phase transition nearby the BTO
R↔O phase transition, whereas for the lower annealing temperatures the M(T) curves are
characteristic of a paramagnetic component superposed with the substrate diamagnetism.
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Figures 9.44-9.47 present the M(H) curves for the BTF5 deposition thin ﬁlms and respec-
tive annealings, displaying the magnetization in emu/gFexOy and using the same approach
used in the BTF6 M(H) curves to estimate the amount of iron oxide.
Besides its paramagnetism, the BTF5.1_LaAlO3_as_dep M(H) curves present an ordered
phase with a very low saturation magnetization, Ms = 0.9 emu/gFexOy as shown in table 9.6,
which is quite strange taking into account that according to the Raman results, the only
Raman modes present in the BTF5.1_LaAlO3_as_dep spectrum are assigned to maghemite,
and according to the STEM/EDS results of BTF5.2_MgO_as_dep (ﬁgure 9.13)12, there
should not be any meaningful mixture between the BTO and Fe layers. Nonetheless, after
the 600◦C thermal annealing there is a considerable increase of the saturation value to Ms =
17 emu/gFexOy .
Annealing
(◦C)
BTF5.1_LaAlO3 BTF5.2_MgO BTF5.3_Al2O3 BTF5.4_STO
Ms (emu/gFexOy) Ms (emu/gFexOy) Ms (emu/gFexOy) Ms (emu/gFexOy)
as deposited 0.9 13 0.8 28
600 17 11 0.8 26
750 9 5 0.6 13
900 2 0.2 6 -
Table 9.6: Summary of the saturation magnetization for the BTF5 deposition thin ﬁlms and
respective thermal annealings.
A possible explanation to this phenomena has to do with the pseudo annealing which the
Fe layer suﬀers when the substrate is reaching the deposition temperature of the BTO layer
and during the latter’s deposition. This pseudo annealing is done at 658◦C, a moderately high
temperature for the Fe layer, in a O2 deﬁcient atmosphere, thus it is likely that oxidation level
of the maghemite is not the same as the ”proper” maghemite, thus aﬀecting its saturation
value. The 600◦C thermal annealing is done at ambient pressure, much richer in O2 than the
sputtering chamber, enabling the alteration of the maghemite oxidation to values closer to the
maghemite.
However, the thermal annealings will also promote the the formation of a hematite (or
hematite like) phase, thus the lowering of the saturation value for BTF5.1_LaAlO3_750C and
BTF5.1_LaAlO3_900C samples, and as it is possible to see in the BTF5.1_LaAlO3_900C
Raman spectrum (ﬁgure 9.3). This lowering in the saturation magnetization, associated with
12Since the deposited layer have the same elements, even though the phases which grow on MgO may be
different from the ones grown on the other substrates, it is assumed that the place where the Fe and BTO lie
should be approximately the same for all the samples deposited and annealed at the same conditions.
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Figure 9.44: M(H) curves of BTF5.1_LaAlO3 thin ﬁlms after removing the substrate’s dia-
magnetic contribution.
the formation of a hematite, or hematite like phases (with Ti in its stoichiometry), is something
which is veriﬁed for the BTF5.2_MgO and BTF5.4_STO thin ﬁlms as well, as it is possible
to see after looking at table 9.6.
The BTF5.2_MgO M(H) curves are clearly dominated by the substrate paramagnetism,
still, looking at the high temperature curves it is possible to see that there are also contribu-
tions of ordered magnetic phases, which according to the Raman results, are associated with
a mixture of magnetite, maghemite and hematite. As in BTF5.1_LaAlO3, these phases will
give place to a higher amount of a hematite (or hematite like phase).
The BTF5.3_Al2O3 M(H) curves (ﬁgure 9.46) clearly present a meaningful paramagnetic
contribution, as anticipated by their M(T) curves, however, it is also possible to see that
besides the paramagnetism, there is also the presence of weak ferromagnetism which, based
on the Raman results, may be associated with the hematite. Notwithstanding, as discussed
before, the BTF5.3_Al2O3_900C thin ﬁlm has a TC ≈ 190K, close to the BTO R↔O phase
transition, accompanied with a considerable increase of its saturation magnetization. In this
case, however, there is no evidence of the segregation of polycrystalline BTO, neither in the
Raman results nor in the GIXRD diﬀractograms, therefore the formation of a titanohematite
phase is a good candidate to justify this TC ≈ 190K.
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Figure 9.45: M(H) curves of BTF5.2_MgO thin ﬁlms after removing the substrate’s diamag-
netic contribution.
As a matter of fact looking at ﬁgure 9.31 it is possible to see that the titanohematite with
the formula Fe1.16Ti0.84O3 has a TC ≈ 190K and a Ms = 79 emu/g, justifying this way the
magnetic phase transition without the need of the coupling with the BTO phase transitions.
One should note that the low measured Ms = 6 emu/gFexOy means that just about one tenth
of the estimated iron oxide is in this Fe1.16Ti0.84O3 phase, meaning that the remaining iron
oxide is either in a AFM state, or in a paramagnetic state.
Finally, ﬁgure 9.47 shows the M(H) curves of the BTF5.4_STO thin ﬁlms. The M(H)
curves show that besides the small contribution from the sample paramagnetism, there are
two distinct Hc for the 300K and 4K curves, associated with the TC ≈ 45K phase transition,
a Curie temperature which does not match any of the pure iron oxides (hematite, magnetite or
maghemite) nor any stoichiometries in between these iron oxides, the ulvospinel or ilmenite.
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Figure 9.46: M(H) curves of BTF5.3_Al2O3 thin ﬁlms after removing the substrate’s dia-
magnetic contribution.
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Figure 9.47: M(H) curves of BTF5.4_STO thin ﬁlms after removing the substrate’s diamag-
netic contribution.
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Chapter 10
MBE deposition of Fe on BaTiO3
substrates
As seen in the previous chapter, the sputtering depositions had many concerns regarding
the formation of crystalline BTO, leading to the growth of mostly amorphous Ba-Ti-O oxides.
Moreover after the thermal annealing, the Fe oxides from the ”as deposited” ﬁlms, mix with
the Ba-Ti-O oxides forming mainly Fe-Ti-O oxides, which do not present any perceptible
magnetoelectric coupling with the small portion of BTO present in the thin thin ﬁlms.
For these reasons a second approach was considered. To explore the eﬀect of diﬀerent BTO
terminations on Fe layers, the deposition of 57Fe atomic layers was done on top of BTO single
crystal substrates cut in the (100), (110) and (111) planes (bought from MaTeck [240]). The
deposition of the Fe thin ﬁlms was performed using Molecular Beam Epitaxy at the Ion and
Molecular Beam Lab of the ”Instituut voor Kern en Stralingsfysica” at KU Leuven by Bas
Opperdoes [318]. The Fe atoms were deposited directly on top of BTO substrates with the
following geometry: BTO(substrate)/57Fe(1 nm)/Fe(4 nm)/Au(5 nm) as presented in ﬁgure
10.1. The isotopically enriched 57Fe (> 99.2%) was used to enable future Mössbauer studies
of the Fe local environment in the interface of the diﬀerent BTO/Fe heterostructures, and the
Au was deposited to serve as a protective capping layer.
There were two diﬀerent depositions: one deposited at room temperature (RT), to make
sure that the BTO substrate remains in its tetragonal phase trough all the deposition process,
and the other deposition was made at 350◦C in order to deposit the thin ﬁlm upon a BTO
substrate in its cubic phase.
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Figure 10.1: Illustration of the heterostructure deposited by MBE.
Before the ﬁlm deposition, the BTO substrates were cleaned through ultrasonication, ﬁrstly
in a isopropanol bath and secondly in a ethanol bath. The samples were then placed in a UHV
chamber (which is located in the same high vacuum transfer line that was used to move the
samples to the MBE chamber) where the substrates were baked for 12 hours at (p ≈ 10−9mbar)
to release any trace of the organic solvents and gases that were adsorbed to the substrates.
The substrates of the RT deposition had a baking temperature, TBaking, of 50◦C whereas the
substrate of the Tdep = 350◦C deposition was baked at TBaking = 500◦C. The substrates were
than transferred to the MBE chamber while remaining in vacuum (p ≤ 10−8mbar). The
deposition began after reaching a stable UHV pressure inside the MBE chamber and was
performed using a rotating sample holder to warrant a better homogeneity of the thin ﬁlm
deposition. All the deposition parameters are summarized in table 10.1.
The samples names were given according to the following logic: the ﬁrst part refers to
the substrate used in the deposition – for example BTO(110) – and the second part o refers
to the deposition temperature – for example /Fe_RT – thus resulting in a name such as
BTO(100)/Fe_RT.
10.1 BTO/57Fe/Fe/Au magnetic characterization
The magnetic properties of one of the BaTiO3(100) substrates were measured to check
if there was any additional magnetic behaviour besides the expected BTO diamagnetism.
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Sample Substrate
Substrate
TBaking (◦C)
Tdep
(◦C)
Pdep
(mbar)
Growth rate (A/s)
57Fe Fe Au
BTO(100)/Fe_RT BTO(100) 50 RT 1.9 × 10−9
0.00755 0.108 0.26
BTO(100)/Fe_350 BTO(100) 500 350 1.9× 10−10
BTO(110)/Fe_RT BTO(110)
50 RT 1.9 × 10−9
BTO(111)/Fe_RT BTO(111)
Table 10.1: BTO/Fe thin ﬁlms MBE deposition conditions
Figure 10.2 presents the ﬁeld dependent measurements up to 70 kOe of a BTO(100) substrate
at 350, 300 and 2K. It is possible to see that for the lowest temperature it is perceptible the
existence of a paramagnetic component. This conclusion is conﬁrmed by the M(T) curve of
this substrate, measured in a FC regime at H=1kOe, which is shown in the bottom inset of
ﬁgure 10.2 and which presents a Curie-law like curve.
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Figure 10.2: M(H) curves for the BaTiO3 single crystal substrate. The top inset presents
the paramagnetic contribution of the BTO substrate at 2K after removing its diamagnetic
contribution. The bottom inset presents the M(T) curve of the BTO substrate.
In order to estimate the paramagnetic contribution, the diamagnetic component was de-
termined using the T=350K M(H) curve. The top inset of ﬁgure 10.2 shows the resultant
paramagnetic curve after removing the diamagnetism contribution. Considering the satura-
tion magnetization of the paramagnetic component, and assuming that these paramagnetic
impurities correspond to Fe ions1 (1715 emu/cm3), then it is possible to arrive to an amount
1This assumption was made to enable the estimation of the paramagnetic impurity percentage.
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of paramagnetic impurities on the order of 1.2 ppm of the substrate volume.
Figure 10.3 shows the M(T) curves of all the MBE deposited samples, measured in Field
Cooled at a constant ﬁeld of H=100Oe and between 2 and 400K. Two main features are percep-
tible: ﬁrst all the magnetization curves are sensitive to the BTO ferroelectric phase transitions,
still the magnitude of this magnetoelectric eﬀect diﬀers among the diﬀerent interface planes.
Second, despite having the same amount of Fe in each sample, the absolute values of the
magnetization measured at each sample are quite diﬀerent, ranging from M≈ 34−54 emu/gFe
for the BTO(100)/Fe_RT up to M≈ 158 − 167 emu/gFe for the BTO(111)/Fe_RT. Figure
10.3 also shows that each sample has a paramagnetic tail at low temperature whose source is
attributed to the paramagnetic ions present in the substrate as it was discussed before.
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Figures 10.4–10.7 present the M(H) curves for all the BTO/Fe thin ﬁlms after removing
the substrate diamagnetism. These curves are presented in emu/gFe, taking into account the
total Fe mass deposited, an Fe saturation magnetization of Ms,Fe = 220 emu/g [299], and an
Fe density of ρFe = 7.874 g/cm3 [300]. Figures 10.4–10.7 show that for very low temperatures
the saturation magnetization of each sample reaches values ranging from Ms ≈ 500 emu/gFe
for the BTO(110)/Fe_RT to Ms ≈ 1000 emu/gFe for the BTO(100)/Fe_RT. These saturation
magnetizations are well above the maximum possible value for the metallic Fe (220 emu/g),
and originate from the paramagnetic impurities of the BTO substrates, which dominate the
total magnetization at low temperatures. Still, since the paramagnetic component gets quite
small as the temperature is increased, it is possible to estimate the saturation magnetization of
each sample by observation of the M(H) curves measured at higher temperatures (for example
for H ' 200K).
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Figure 10.4: M(H) curves of the BTO(100)/Fe_RT sample, after removing the substrate
diamagnetism.
Observing the top inset of ﬁgure 10.4 it is possible to estimate a saturation magnetization
close to 68 emu/gFe for the BTO(100)/Fe_RT thin ﬁlm, far from the 220 emu/gFe of the
metallic Fe, and the lowest value among all the deposited ﬁlms. The BTO(100)/Fe_350 thin
287
MBE deposition of Fe on BaTiO3 substrates
-70 -60 -50 -40 -30 -20 -10 0 10 20 30 40 50 60 70
-750
-600
-450
-300
-150
0
150
300
450
600
750
-0.20 -0.15 -0.10 -0.05 0.00 0.05 0.10 0.15 0.20
-116
-87
-58
-29
0
29
58
87
116
0 10 20 30 40 50 60 70
0
14
29
43
58
72
87
101
116
130
145
159
M
 (e
m
u/
g F
e)
H (kOe)
 400K
 350K
 300K
 290K
 250K
 200K
 195K
 100K
 5K
 2K
BTO(100)/Fe_350C M(H)
Figure 10.5: M(H) curves of the BTO(100)/Fe_350C sample, after removing the substrate
diamagnetism.
ﬁlm, which was also deposited on a BTO(100) substrate, possesses a saturation magnetization
Ms ≈ 128 emu/gFe (ﬁgure 10.5), about twice the value of BTO(100)/Fe_RT’s Ms.
The reason behind these low values of saturation magnetization is most like related to
the formation a of non-magnetic oxide2. As a matter of fact there are several works which
show the oxidation of the Fe atoms at the BTO/Fe interface [212–215]. Bisht et al. showed
that this oxidation occurs due the built-in ﬁeld, created by the diﬀerence in the BTO and
Fe work functions, which promotes the ion migration at the BTO/Fe interface [212,319,320].
Moreover the amount of Fe that gets oxidized is also sensitive to the deposition conditions
and/or substrate surface properties (roughness, amount of surface defects, etc) [319, 320].
Merkel et al. reported the oxidation of the Fe deposited on a BTO(100) substrate for the ﬁrst
≈ 2.5nm of the deposited Fe layer [321], which corresponds to half of the thickness of the Fe
layer deposited on our substrates.
According to this interpretation, one could determine that there would be about 70%
2Here the term ”non-magnetic” is used to refer to an iron oxide with a null or close to null net magnetization,
without specifying if this magnetization originates from a PM, AFM or diamagnetic state.
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Figure 10.6: M(H) curves of the BTO(110)/Fe_RT sample, after removing the substrate
diamagnetism.
(3.5 nm) and 40% (2 nm) of non-magnetic iron for the BTO(100)/Fe_RT and BTO(100)/Fe_350C
ﬁlms respectively. Nonetheless, there could also exist some amorphous Fe, in principle for the
BTO(100)/Fe_RT case, which would also decrease the saturation, thus requiring a lesser
amount of Fe oxidation to explain the lack of magnetization of BTO(100)/Fe_RT [322,323].
Looking now at the saturation magnetization of the BTO(110)/Fe_RT and BTO(111)/Fe_RT
ﬁlms, shown at the top inset of ﬁgures 10.6 and 10.7, we can see that they have considerably
higher values: Ms ≈ 180 emu/gFe and Ms ≈ 194 emu/gFe respectively. These results suggest
that there is a lower amount of Fe oxidation and/or that the oxides that were formed possess
themselves higher values of magnetization than in the BTO(100)/Fe case.
Using the interpretation of Bisht et al. the diﬀerence in the Fe oxide formation can be
explained by the diﬀerent work functions that the diﬀerent cut planes possess. Additionally,
the atoms present on the interface itself are diﬀerent at each BTO plane, hence the chemical
bonding with Fe atoms will also be distinct, conditioning the formation of speciﬁc iron oxides.
Finally the bottom inset of ﬁgures 10.4–10.7 show that the shape of the M(H) curves
diﬀers considerably for each sample. This suggests that each BTO cut plane aﬀects the
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Figure 10.7: M(H) curves of the BTO(111)/Fe_RT sample, after removing the substrate
diamagnetism.
magnetic anisotropy of the Fe layer in very distinct ways. In fact, the inﬂuence of the BTO
ferroelectricity in the Fe anisotropy and coercivity of Fe ﬁlms grown epitaxially on BTO
substrates has been reported in the literature [224, 324–326], however this eﬀect was studied
almost exclusively to the BTO(100) substrate, thus additional work comparing and exploring
the diﬀerences between the distinct BTO cut planes was still required.
A further analysis of its M(H) curves allows the acquisition of other relevant physical
quantities such as its magnetic coercive ﬁeld, Hc, and the remanent magnetization, Mr. These
two quantities are plotted as a function of temperature in ﬁgures 10.8 and 10.9 in order to
infer the inﬂuence of the BTO ferroelectric phase transitions on Hc, and Mr.
Figure 10.8 shows that the samples studied in this PhD present completely unalike Mr(T)
curves. The BTO(100)/Fe_RT sample presents very smooth Mr(T) and Hc(T) curves (ﬁg-
ure 10.9), without any abrupt changes. This may occur due to the considerable amount of
iron oxide acting as a wall which screens the BTO inﬂuence on the metallic Fe layer. On
the other hand, the remanent magnetization of BTO(100)/Fe_350C is quite sensitive to the
BTO ferroelectric phase transitions, having a relative magnetization change ∆Mr/Mr = +11%
and ∆Mr/Mr = +31% for the T–O and O–R phase transitions respectively. The remanent
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magnetization of the remaining samples is also quite sensitive to the BTO phase transitions,
where the BTO(111)/Fe_RT sample has changes of ∆Mr/Mr = +58%, ∆Mr/Mr = +3% and
∆Mr/Mr = −7% for the C–T, T–O and O–R ferroelectric phase transitions respectively. How-
ever it is the BTO(110)/Fe_RT which stands out with the huge variation of ∆Mr/Mr = +148%
for the O–R ferroelectric phase transition, demonstrating that the less studied BTO(110)/Fe
and BTO(111)/Fe interfaces have in fact quite promising properties which deserve the invest-
ment of more thorough studies.
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Finally, ﬁgure 10.9 shows that the Hc(T) curves for the BTO(100)/Fe_350C,
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BTO(110)/Fe_ and BTO(111)/Fe_RT have a step like shape near the ferroelectric phase
transition, conﬁrming the BTO inﬂuence on the Fe coercive ﬁeld [325].
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Conclusions
In summary we were able to relate the magnetic transitions of the nanocrystalline Fe doped
(ppm-range) BaTiO3 with its ferroelectric phase transitions, at temperatures conﬁrmed by the
analysis of 520cm−1 and 487cm−1 Raman vibration modes. This unexpected magnetoelectric
coupling turns out to be related to heterogeneously distributed Fe rich agglomerations which
are interfacial with BaTiO3 grain boundaries, as demonstrated by the STEM/EDS analysis.
Motivated by the promising results of the presented auto-composite, DFT calculations
were done by placing a Fe monolayer upon all the conventional ferroelectric and paraelectric
phase’s unit cells (rombohedral, orthorhombic, tetragonal and cubic).
In the BTO221(99)_1stFe supercells, an interface identical to the one from Duan et al.
work was studied [205]. The study with the variable d allowed to conclude that the enhance-
ment of the Fe magnetic moment and the induced magnetic moments of O and Ti, usually
associated with the BTO polarization, depend in fact on the inter-atomic distances and elec-
tronic hybridizations, without the mandatory need of a macroscopic polarization.
Nevertheless, the noteworthy result is the unique magnetoelectric eﬀect present in the
BTO221(99)_2ndFe supercells, based on the High-Spin–Low(Null)-Spin state transition, where
depending on the value of d, the crystal ﬁeld and the Fe atoms hybridization with the neigh-
bouring Ti atoms, induces a magnetic moment quench of the Fe atoms. This eﬀect may be
exploited, by choosing an adequate atomic arrangement which can be manipulated by an
external electric ﬁeld, acting as a switch of the Fe atomic magnetic moment.
Admitting that an interface such as the one presented in the BTO221(99)_2ndFe super-
cells is segregated between the BaTiO3:Fe auto-composite grain boundaries, and that one
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could induce the High-spin–Low-spin spin transition through a ferroelectric/structural phase
transition, then it possible to justify the GME mechanism behind the magnetoelectric coupling
present in the BTO:Fe113ppm.
In fact, due to the possible distribution of lattice parameters, mainly in the grain bound-
aries, where there are several displacements and strains of the bulk unit cell, there would be
some speciﬁc locations which could have the adequate conditions to replicate the interface
shown in ﬁgure 6.81. For T > TC the analogous d distance would respect the ﬁrst of the three
possible scenarios regarding the d value, meaning that all its Fe atoms would have no magnetic
moment at all. After the BTO changes to its tetragonal phase these particular atoms would
switch on their moment, resulting in the abrupt change in magnetization seen in ﬁgures 5.6
and 5.9 higher temperature magnetic transition.
Moreover, the study of the iron monolayer placed upon the remaining ferroelectric BaTiO3
unit cells and the BaTiO3 unit cells cut through the 110 (analogous to the orthorhombic phase)
and (111) (analogous to the rhombohedral phase) planes lead to the discovery of several
interfaces where a ferroelectric phase transition also results in the change of an AFM state
to the FM state of the Fe monolayer. This magnetic phase transitions would also justify the
abrupt change in the spontaneous magnetization seen for the orthorhombic↔tetragonal phase
transition of the BaTiO3:Fe auto-composite.
Additionally, knowing the importance of the crystal ﬁeld for the High-Spin–Low-Spin state
transition, a combined study of DFT and PAC spectroscopy was performed to evaluate the
EFG tensor in the diﬀerent sites of the BTO unit cell, as a means of studying the crystal ﬁeld
in these positions. However, it was possible o see that the presence of the radioactive probe,
in this case the Cd2+, aﬀects drastically the EFG of the site which it substitutes, as well as
the EFG of the surrounding atoms (as far as ≈ 7Å). This means that the usage of Cd2+ in
PAC spectroscopy is not a good hyperﬁne technique to infer the eﬀects of the crystal ﬁeld on
the EFG of BTO/Fe interfaces.
Finally, it was performed the deposition of BTO/Fe heterostructures on LaAlO3, MgO,
Al2O3 and SrTiO3 substrates using RF-Sputtering, and the Molecular Beam Epitaxy (MBE)
deposition of Fe layers on BaTiO3 cut in the (100), (110) and (111) planes as an attempt to
recreate the interfaces with the most appealing magnetoelectric eﬀects predicted in the DFT
modeling.
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The thin ﬁlms deposited using sputtering showed the growth of many Fe, Ba-Ti-O and Fe-
Ti-O oxides depending strongly on their substrate, as well as on the deposition and annealing
conditions. Despite having several visible Curie temperatures, these can be assigned mainly to
diﬀerent stoichiometries of the titanohematite, thus no magnetoelectric coupling was observed
in these heterostructures.
On the other hand the Fe thin ﬁlms deposited on BaTiO3 substrates showed large magne-
toelectric couplings between the BaTiO3 ferroelectric phase transitions and the magnetization
of the Fe layers (similarly to what happened in the BaTiO3:Fe auto-composite). The mag-
nitude of this magnetoelectric couplings is strongly correlated with the BTO interface where
the Fe was deposited, showing a huge change in spontaneous magnetization and coercivity
for the rhombohedral↔orthorhombic ferroelectric phase transition up to ∆M/M ≈ 148% and
∆HC/HC ≈ 183% respectively for the (110) case. Additionally there is a substantial diﬀer-
ence in the magnetoelectric coupling of Fe ﬁlms deposited on the same BTO plane, but at
diﬀerent temperatures, implying that it is possible to tailor the magnetoelectric coupling of
these substrates through adjustments in the deposition conditions. These interfaces present a
huge potential as non-critical high temperature magnetoelectric multiferroics.
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